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La agricultura sostenible tiene como objetivo aumentar la producción de alimentos, en 

un contexto de crecimiento de la población mundial, sin comprometer la calidad de los 

cultivos ni los rendimientos además de producir una reducción de la contaminación 

medioambiental. La fertilización nitrogenada es clave en el aumento de rendimientos, 

pero también afecta de manera importante al medioambiente, ya que parte del nitrógeno 

(N) puede perderse por el agua o el aire. Por ejemplo, una fracción del fertilizante es 

liberado a la atmósfera en forma de óxido nitroso (N2O), debido a la actividad producida 

por las comunidades microbianas involucradas en el ciclo del N. Es necesario, por lo 

tanto, implementar nuevas prácticas que contribuyan a mitigar emisiones de N2O, a 

mantener o incrementar los rendimientos, así como a aumentar la calidad nutricional para 

el consumo. Para abordar este tema, en esta tesis se han evaluado dos estrategias 

diferentes. La primera estrategia ha sido la co-fertilización de Zinc (Zn)-N, a través del 

input simultáneo de una fuente de este micronutriente y N. La hipótesis fue que la co-

fertilización podría reducir el impacto de contaminación potencial y aumentar la calidad 

del cultivo, especialmente la biofortificación en Zn en los cultivos de trigo y maíz. De 

hecho, la mejora de la concentración de Zn en los cultivos de cereal ha sido considerado 

un reto global debido a las cruciales implicaciones que este micronutriente tiene sobre la 

salud y la seguridad alimentaria. La segunda estrategia ha sido la incorporación de los 

inhibidores de la ureasa y/o de la nitrificación a un fertilizante nitrogenado mineral 

(fertilizantes de N eficientemente mejorados), los cuales directamente o indirectamente 

afectarían a los procesos relacionados con el ciclo del N. La evaluación de ambas 

estrategias se ha focalizado en base a dos objetivos generales: 1) estudiar estrategias de 

mitigación de emisiones de gases de efecto invernadero (GEI) y mejorar la calidad del 

cultivo a través del manejo de la co-fertilización Zn-N y de los fertilizantes de N 

eficientemente mejorados, en cultivos de regadío y secano en un área semi-árida, y 2) 
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evaluar el efecto de estas estrategias sobre las poblaciones microbianas relacionadas con 

los procesos de nitrificación y desnitrificación, para un mejor entendimiento de su 

influencia sobre los flujos de N2O. Para su consecución, esta tesis ha sido estructurada en 

base a 4 experimentos de campo, cada uno con un objetivo específico. 

El Experimento 1 se llevó a cabo en un cultivo de trigo de invierno en secano con el 

objetivo de conseguir la biofortificación en Zn mediante un manejo adecuado de la 

fertilización Zn-N (debido a un efecto sinérgico entre ambos) usando fuentes orgánicas 

de Zn. En este ensayo de campo, en condiciones semi-áridas, se emplearon 4 fuentes de 

Zn (sulfato-Zn, lignosulfonato-Zn, amino ácidos-Zn y gluconato-Zn) y se aplicaron 3 

dosis de N. Uno de los principales resultados obtenidos fue que el efecto combinado de 

la aplicación de complejos naturales de Zn junto con la dosis recomendada de N (es decir, 

120 kg N ha-1) tendió a incrementar las concentraciones de Zn en grano (en un promedio 

del 14%), aunque este incremento fue significativamente mayor cuando se aplicó sulfato-

Zn (63%), debido a que la dosis de aplicación recomendada era mayor. Los fertilizantes 

naturales orgánicos de Zn produjeron los mayores rendimientos en grano, probablemente 

debido a una mejora en la toma de N. Los tratamientos que usaron fertilizantes naturales 

orgánicos de Zn dieron mejores eficiencias de utilización de Zn que el fertilizante basado 

en sulfato-Zn. 

El segundo experimento, también en un cultivo de trigo de invierno, pretendía evaluar 

el efecto de la fuente de Zn (sulfato-Zn, lignosulfonato-Zn, Zn con una mezcla de 

compuestos quelantes sintéticos DTPA-HEDTA-EDTA y ácidos húmicos/fúlvicos-Zn) y 

la dosis de aplicación de N (0, 120 y 180 kg N ha-1) sobre las emisiones de GEI y las 

poblaciones de nitrificantes y desnitrificantes. Los resultados indicaron que el quelato 

sintético de Zn reducía las pérdidas acumuladas de N2O en un 21.4% y los flujos de 

respiración en un 24.4%, con respecto al tratamiento sin aplicación de Zn. La quelación 
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de co-factores metálicos (principalmente cobre, Cu) de las enzimas responsables de la 

nitrificación y desnitrificación en este tratamiento fue, probablemente, el mecanismo de 

reducción de las emisiones de N2O. Esto afectó por tanto a la abundancia de los genes 

amoA de bacteria, nirK, nirS y norB, así como del contenido de Cu extraíble. 

Inesperadamente, el quelato sintético de Zn aumentó en un 31.2% el número de copias 

del gen nosZ con respecto al tratamiento sin aplicación de Zn. El Zn aplicado junto con 

la mezcla de ácidos húmicos/fúlvicos aumentó significativamente la abundancia total de 

bacterias y de las comunidades nitrificantes y desnitrificantes, especialmente del gen 

norB, justificándose así las mayores emisiones de N2O. La dosis óptima de N fue 120 kg 

N ha-1, debido a la producción de menores perdidas de N2O escaladas al rendimiento. 

Basándonos en estos resultados, la aplicación de quelatos sintéticos de Zn puede ser una 

estrategia recomendada tanto de mitigación y adaptación, con el objetivo de reducir las 

emisiones de GEI escaladas al rendimiento, como de mejora de la biofortificación en Zn. 

Hasta la fecha, existe poca información disponible sobre el efecto de la co-fertilización 

de Zn-N sobre las emisiones de GEI y los procesos microbiológicos del suelo 

responsables de los flujos de N2O bajo condiciones de regadío. Es por ello que se realizó, 

un experimento de campo en un cultivo de maíz (Experimento 3) aplicando dos dosis de 

N (sin aplicación de N y 200 kg N ha-1 en forma de urea) y tres fuentes de Zn (sin 

aplicación de Zn, sulfato-Zn, Zn con una mezcla de compuestos quelantes sintéticos 

DTPA-HEDTA-EDTA). Los resultados mostraron que la co-fertilización de Zn-N 

aumentó las emisiones acumuladas de N2O, comprendidas entre 0.53 kg N2O-N ha-1 (para 

urea combinada con quelato de Zn) y 1.06 kg N2O-N ha-1 (para urea combinada con 

sulfato de Zn) con respecto al tratamiento de urea sin aplicación de Zn. La reducción 

significativa de la abundancia total del gen nosZ en comparación con la no aplicación de 

Zn, fue probablemente la razón del incremento de las emisiones de N2O. Sin embargo, 
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más estudios son necesarios en este tipo de cultivos (en suelos deficientes en Zn) para 

optimizar la fuente y la dosis de Zn, al mismo tiempo que se evite un incremento de las 

emisiones de N2O. 

En el Experimento 4 se evaluaron tecnologías de fertilización basadas en fertilizantes 

de N eficientemente mejorados. Este experimento de campo se llevó a cabo en un cultivo 

de colza de secano (Brassica napus L. var. `PT256´) usando una única dosis de N (120 

kg N ha-1) para todas las fuentes de N. Los diferentes tratamientos fertilizantes fueron: 1) 

Urea, 2) Urea + N-(n-butil) tiofosfórico triamida (NBPT), 3) Urea + NBPT + 2-(3,4-

dimetil-1H-pirazol-1-il) succinato en mezcla isomérica (DMPSA), 4) Nitrato amónico 

cálcico (CAN), 5) CAN + DMPSA y 6) Control sin fertilización de N. Los resultados 

mostraron que las emisiones acumuladas de N2O para el tratamiento de U fueron 

significativamente mayores que aquellas para CAN. Los tratamientos basados en NBPT 

significativamente redujeron en un 71%, en promedio, las pérdidas de N2O con respecto 

a la U. Del mismo modo, las emisiones acumuladas de N2O significativamente 

disminuyeron (en un 57%) con el tratamiento CAN+DMPSA en comparación con CAN. 

Los tratamientos basados en inhibidores condujeron a una reducción significativa de los 

flujos totales de N2O después del pulso de rehumectación, con respecto a aquellos 

producidos por U o CAN. Respecto a los genes del ciclo del N, la abundancia de las 

comunidades de nitrificantes y desnitrificantes, especialmente AOB, significativamente 

disminuyeron con la aplicación de los inhibidores en comparación con los tratamientos U 

o CAN. Desde un punto de vista agronómico, CAN+DMPSA ofrece una ventaja potencial 

añadida en relación a la calidad del cultivo: un incremento del rendimiento en aceite. 
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Sustainable agriculture aims to increase food production, in the context of a growing 

worldwide population, without compromising crop quality and yield whilst reducing 

environmental pollution. Most agricultural practices rely on external nitrogen (N) inputs, 

however, this N can be lost (e.g., through the release of the nitrous oxide (N2O) gas to the 

atmosphere) due to the activity of microbial communities that are involved in the N-cycle. 

New practices, therefore, need to be implemented in order to mitigate these N2O 

emissions and maintain or increase yields as well as enhance crop quality. To address this 

issue, two different strategies have been assessed in this thesis. The first strategy is the 

interaction effect of Zinc (Zn)-N co-fertilization through simultaneous inputs of 

micronutrients and N that could reduce potential pollution impacts and increase crop 

quality, especially Zn biofortification, in wheat and maize crops. In fact, the enhancement 

of Zn concentration in cereal crops without compromising yield is also a global challenge 

with crucial health and food security implications. The second strategy is the 

incorporation of urease and nitrification inhibitors to mineral N fertilizer (N-enhanced 

efficiency fertilizers), which directly or indirectly affect processes involved in the N-

cycle. The assessment of both strategies is the focus of the two general objectives of this 

thesis: 1) to study strategies for mitigating greenhouse gas (GHG) emissions and 

improving crop quality through the management of Zn-N co-fertilization and N-enhanced 

efficiency fertilizers in irrigated and rainfed crops in a semiarid area, and 2) to assess the 

effect of these strategies on the microbial populations related to nitrification and 

denitrification processes to better understand their influence on N2O fluxes. Accordingly, 

this thesis is structured in four field experiments, each one with a specific objective. 

Experiment 1 was carried out with a rainfed winter wheat (Triticum aestivum L.) crop 

to produce Zn biofortification through the appropriate management of fertilization with 

both Zn and N (due to the synergistic effect between them) using natural organic sources 
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of Zn. This field experiment used four Zn sources (Zn-sulphate, Zn-lignosulphonate, Zn-

aminoacids and Zn-gluconate) and three N application rates, under semi-arid conditions. 

The main results were that the combined effect of applying natural organic Zn complexes 

and the recommended N rate (i.e., 120 kg N ha-1) tended to increase, grain Zn 

concentrations (by an average of 14%), although this increase was significantly higher 

when Zn-sulphate was applied (63%) due to its higher recommended Zn application rate. 

Natural organic Zn fertilizers gave the highest grain yields, probably due to the 

enhancement of N uptake. The treatments that used natural organic Zn fertilizers had 

higher Zn utilization efficiencies compared with the Zn-sulphate fertilizer. 

A second field experiment was carried out in a winter wheat crop to evaluate the effect 

of Zn sources (Zn-sulphate, Zn-lignosulphonate, Zn with a mixture of synthetic chelating 

compounds DTPA-HEDTA-EDTA and Zn-humic/fulvic acids) and N rates (0, 120 and 

180 kg N ha-1) on GHG emissions and the population of nitrifiers and denitrifiers. The 

results clearly indicate that the synthetic Zn chelate reduced cumulative N2O losses by 

21.4% and respiration fluxes by 24.4% with respect to the treatment with no Zn 

application. The chelating of metal co-factors (mainly copper, Cu) of the enzymes 

involved in the nitrification and denitrification steps is the most likely mechanism for this 

reduction of N2O emissions since bacterial amoA, nirK, nirS and norB gene abundances, 

as well as the extractable Cu content, decreased in this treatment. Unexpectedly, the 

synthetic Zn chelate increased the copy number of nosZ by 31.2% with respect to the 

treatment with no Zn application. The Zn applied together with the humic/fulvic acids 

mixture significantly increased total bacterial abundance and nitrifier and denitrifier 

communities, especially the norB gene, thus leading to the highest N2O emissions. The 

optimum N rate was 120 kg N ha-1 since it gave in the lowest yield-scaled N2O losses and 

N surplus. Based on these results, the application of synthetic Zn chelates can be 
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recommended as a win-win mitigation and adaptation strategy aimed at reducing yield-

scaled GHG emissions and the enhancement of Zn biofortification. 

Since little information is available on the effect of Zn-N co-fertilization on GHG 

emissions and soil microbial processes involved in N2O fluxes, under non-flooded 

irrigated conditions, a field experiment was carried out using a maize (Zea mays L) crop 

(Experiment 3). For this, two N rates (no N application and 200 kg N ha-1 as urea), and 

three Zn sources (no Zn application, Zn sulphate, and Zn applied with a mixture of 

chelating compounds DTPA-HEDTA-EDTA) were used. The main results were that the 

Zn-N co-fertilization increased cumulative N2O emissions, which ranged from 0.53 kg 

N2O-N ha-1 (for urea combined with Zn chelate) to 1.06 kg N2O-N ha-1 (for urea combined 

with Zn sulphate) with respect to urea with no Zn application. The significant reduction 

of the total abundances of the nosZ gene in comparison with the no Zn application was 

the most likely reason for the increased N2O emissions. More studies for irrigated crops 

under Zn deficient soils are needed to establish the optimal source and rate of Zn, whilst 

avoiding an increase in N2O emissions. 

Fertilizer technology based on N-enhanced efficiency fertilizers was evaluated in 

Experiment 4. The field experiment was carried out with a rainfed rape crop (Brassica 

napus L. var. ̀ PT256´) using a N rate of 120 kg total N ha-1 for all N sources. The different 

fertilizer treatments were: 1) Urea, 2) Urea + N-(n-butyl) thiophosphorictriamide 

(NBPT), 3) Urea + NBPT + (3,4-dimethyl-1H-pyrazol-1-yl) succinic acid isomeric 

mixture (DMPSA), 4) Calcium Ammonium Nitrate (CAN), 5) CAN + DMPSA and 6) 

Control with no N fertilization. The results show that the cumulative N2O emissions for 

the U treatment were significantly higher than those of CAN. The NBPT-based treatments 

significantly reduced N2O losses by 71%, on average, with respect to U. Similarly, cumulative 

N2O emissions significantly decreased (by 57%) in the CAN+DMPSA treatment in 
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comparison with CAN. The inhibitor-based treatments led to a significant reduction of 

total N2O fluxes following a rewetting pulse, with respect to those of U or CAN. With 

regards to the N-cycling genes, the abundances of nitrifier and denitrifier communities, 

especially AOB, significantly decreased with the application of inhibitors with respect to 

the U or CAN treatments. From an agronomic point of view, CAN+DMPSA offers a 

further potential advantage related to crop quality: an increase in the oil yield. 
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1. Agriculture and environment 

World population is expected to reach 9.7 billion by 2050, producing an increase in 

the food demand from limited and diminishing arable land resources (Braun et al., 2007). 

Increasing crop productivity without compromising soil quality and food security is, 

therefore, critical (Billen et al., 2015). Accordingly, the use of current and emerging 

technologies, such as new crop varieties, fertilizers or water management could be 

effective strategies to achieve higher yields. In fact, the increase in nutrient input through 

fertilization, especially nitrogen (N), has contributed significantly to the improvement of 

crop yields worldwide (Cassman et al., 2003).  However, there are environmental risks 

associated with N fertilization, such as nitrate (NO3
-) leaching, eutrophication, and 

greenhouse gas (GHG) emissions from agricultural fields (Velthof et al., 2014; Venterea 

et al., 2012). A loss of N results in an economic loss and also in detrimental and expensive 

consequences for the environment. An improvement in fertilizer use efficiency is, 

therefore, critical to optimize crop yield and to minimize environmental damage (Sutton 

et al., 2013). 

1.1 Nitrogen: The N use efficiency 

Nitrogen is the nutrient  that most limits crop production in all areas of the world and 

is generally applied to soil large quantities (Malhi et al., 2001). Fertilization with N is 

affected by a complicated chain of reactions between the soil, water and atmosphere, 

resulting in a decrease of the N use efficiency (NUE) and, therefore, in a risk to the 

environment. The N cycle (Fig. 1.1) regulates the entry and exit of the N from the soil to 

the atmosphere or water. The massive use of N fertilizers incorporates extra amounts of 

N into the cycle and increases the risk of contamination. Overall efficiency of applied N 

is generally less than 70% in temperate regions (Mulvaney et al., 2009), clearly indicating 

that our understanding of optimal fertilizer management is still incomplete. 
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Figure 1.1. Simplified overview of the N cycle (modified from Cameira and Mota, 2017). 

1.2 Volatilization of NH3, NO3
- leaching and emissions of N oxides 

Nitrogen in the soil is prone to volatilization, immobilization, denitrification and 

leaching. Ammonium (NH4
+) and urea-based fertilizers are readily lost through the 

volatilization of ammonia (NH3). Up to 64% (a mean value of 18% globally) of the 

fertilizer N can be lost through the volatilization of NH3 from these fertilizers, although 

a wide range (from 0.9 to 64%) has been observed in different experiments, which is in 

general dependent on climate, the form of fertilizer N and the application method (Pan et 

al., 2016). Some environmental factors such as high air and soil temperatures or wind 

speed can strongly influence the volatilization. In order to mitigate these losses in 

agroecosystems, several agricultural practices have been proposed such as the 

incorporation of manures and synthetic fertilizers into the soil, reducing urea use, and also 

the use of urease inhibitors with urea. These practices may not only provide a reduction 

in the NH3 emissions but also a reduction of N surplus and, therefore, an enhancement of 

NUE and yields (Sanz-Cobena et al., 2014). 
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Nitrate leaching is an important hydrological N loss pathway (Zhou et al., 2016). This 

loss of reactive N is associated with negative environmental (e.g. eutrophication) and 

health impacts (Erisman et al., 2008; Li et al., 2007; Van Grinsven et al., 2013). The 

intergovernmental panel on climate change (IPCC) reported that 30% of N is leached in 

the water runoff to streams and rivers (Egleston et al., 2006). In order to reduce NO3
- 

leaching, several management practices have been assessed (e.g. the use of cover crops, 

nitrification inhibitors or adjusted N and water input) and have resulted in efficient NO3
- 

leaching mitigation strategies (Quemada et al., 2013). 

Others gaseous N losses, such as emissions of nitrous oxide (N2O) or nitric oxide (NO), 

are not quantitatively important, in an agronomical context, but have serious 

environmental consequences. Nitrous oxide (a potent GHG) plays an important role in 

climate change due to its global warming potential (GWP) being 298 times higher than 

that of carbon dioxide (CO2) (Pachauri et al., 2014). According to EEA (2017), agriculture 

accounted for 10% of GHG emissions and 78% of the total N2O emissions in Europe in 

2015 (Fig. 1.2). In addition, N2O also plays an important role in stratospheric chemistry. 

The photochemical degradation of N2O in the stratosphere releases of N oxides (NO and 

NO2, NOx) which destroy stratospheric ozone (O3) (Crutzen, 2016). Currently, the 

emission of N2O is considered the single most important anthropogenic O3-depleting 

emission (Ravishankara et al., 2009). On the other hand, nitric oxide acts indirectly as a 

precursor of O3 (phytotoxic compound) in the troposphere, which is the third largest 

contributor to positive radiative forcing (Menon et al., 2007). In addition, the oxidation 

of NO in the troposphere produces other reactive N compounds that contribute to the 

formation of acid rain (Pilegaard, 2013). In agricultural areas, the soil and especially N 

inputs are the main sources of this gas due to low anthropogenic emissions (Butterbach-
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Bahl et al., 2009), while in forested areas a significant amount of NO is captured as 

nitrogen dioxide (NO2 by the canopy (Ganzeveld et al., 2002). 

 

Figure 1.2. Sectoral contribution to a) the total GHG emissions as CO2eq, b) CH4 emissions and 
c) N2O emissions, in Europe in 2015 (EEA, 2017). 

2. Cereal biofortification. Effect of the interaction of N and micronutrients. 

2.1 Cereal nutrition with micronutrients: Zn deficiency 

Micronutrient supply is essential to avoid severe penalties in growth, yield and 

crop quality associated with their deficiencies (Singh, 1996) and also for sustaining 

human and animal health (Kumar et al., 2016). Calcareous and/or alkaline soils are 

usually associated with deficiencies of phosphorous (P) or micronutrients (Deb et al., 

2009; Singh, 1996). Zinc (Zn) has been recognized as one of the main target 

micronutrients, since its supplementation is associated with reductions of the incidence 

of infectious diseases such as pneumonia, particularly among children in areas with 

insufficient Zn supply (Gibson, 2012). A high incidence of Zn deficiency in humans has 

been associated with regions with low Zn phytoavailability soils (Fig. 1.3, (Cakmak et 

al., 2017). At present, three cereals, wheat, rice and maize, provide up to 60% of the daily 

energy intake of human populations (Tilman et al., 2002), and bread wheat alone is the 

staple food for 35% of the world’s population (Poursarebani et al., 2014). However, wheat 

and rice are categorized as very poor sources of Zn and iron (Fe), in terms of both content 

and bioavailability. In general, grain Zn concentrations in wheat-cultivating regions range 
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between 20 and 35 mg kg−1 (Cakmak et al., 2010; Graham et al., 2007). However, the Zn 

content in grain can be less than 20 mg Zn kg-1 for Zn-deficient soils, values too small, 

therefore, to meet the daily Zn intake requirements. The enhancement of Zn 

concentrations to 40-60 mg kg-1 (Cakmak et al., 2010; Graham et al., 2007; Zhao et al., 

2009) in wheat through agricultural practices (biofortification) (Rehman et al., 2018c) is, 

therefore, an important global challenge. Similarly, for maize biofortification, a 

concentration higher than 22 mg kg−1 has been suggested by the USDA Nutrient Database 

(http://ndb.nal.usda.gov/ndb/). Such an enhancement would not only improve the 

nutritional Zn status for millions of people but also increase crop tolerance to abiotic 

stresses (Faran et al., 2019).  Moreover, it is important to find synergistic effects between 

nutrients (Fageria and Baligar, 2005; Hamnér et al., 2017), with the aim to improve 

nutrient use efficiencies (e.g. N, thus reducing potential pollution impacts) and also crop 

quality through biofortification in deficient soils (Cakmak et al., 2017). 

 

Figure 1.3. Global distribution of human and soil Zn deficiency (Cakmak et al., 2017). 
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2.2 Zn-N interaction on biofortification  

Although Zn fertilization is central to agronomic biofortification of cereal with Zn, the 

implementation of an integrated mineral nutrient management strategy offers even more 

benefits in terms of increasing the Zn concentration of grain. Specifically, interactions 

between N and Zn applications have been studied extensively in this context. It has been 

shown that the effects of soil and foliar Zn fertilizers on grain Zn can be enhanced by the 

addition of adequate N fertilizer (Kutman et al., 2010). For instance, whole-plant 

partitioning and Zn radioisotope (65Zn) studies on wheat revealed that a suboptimal N 

supply limited root uptake and root-to-shoot translocation as well as the remobilization 

of Zn, which reduced the accumulation of Zn in the grain (Erenoglu et al., 2011; Kutman 

et al., 2011). Clearly, optimized N management is also required to achieve the yield 

potential, which is critical from an economic point of view. This optimization can also to 

maximize grain protein concentration (Abedi et al., 2011; Kutman et al., 2010), which is 

valuable in itself from a nutritional point of view. Speciation and localization studies on 

cereal grains indicate that Zn interacts with proteins in the grain, and therefore, grain 

proteins constitute a physiological sink for Zn (Ozturk et al., 2006; Persson et al., 2016). 

However, other authors have reported that a high soil N concentration increases biomass 

yield, reducing Zn grain concentrations, probably due to a secondary “dilution” of this 

element in the higher biomass (Kabata-Pendias and Pendias, 2001; Miner et al., 2018). 

This was observed especially for soils with low Zn availability (Zhao et al., 2016). Hence, 

optimization of Zn also requires optimized N fertilization to ensure the best possible 

synergistic effect between Zn and N (Cakmak and Kutman, 2018). However, more studies 

are needed to evaluate the influence of co-fertilization with N on the effectiveness of Zn 

sources (e.g. natural organic Zn complexes) for improving Zn biofortification or grain 

yields. 
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2.3 Zn sources as agronomic biofortification strategies 

It is well known that the application of Zn fertilizers, both foliar and applied directly 

to the soil, normally increases grain Zn concentration, although its relative efficiency is 

highly dependent on the source (e.g., zinc sulphate (ZnSO4) (a common fertilizer), 

synthetic chelates or natural complexes) and on soil properties (e.g. pH or texture) (Kumar 

et al., 2016). Metal-chelating agents play an important role in transporting Zn from solid 

phases in soils to the surface of plant roots, normally increasing the relative agronomic 

effectiveness of the source applied to a given soil (Alvarez et al., 2010). However, these 

synthetic chelates increase farming costs in comparison with mineral sources (Martín-

Ortiz et al., 2009). This higher cost is an important barrier to the introduction of these 

compounds as Zn fertilizers in conventional agriculture. An interesting possibility for Zn 

biofortification is the use of natural organic complexes, which are generally cheaper than 

synthetic chelates. Although their availability in the soil is lower than that of synthetic 

chelates, it is higher than that of ZnSO4 (Goos et al., 2000). There exist different 

commercial products based on lignosulphonates, fulvic and humic acids, gluconates, or 

even aminoacids linked to Zn (Kabata-Pendias and Mukherjee, 2007; Lucena et al., 2010) 

that can be applied as foliar Zn fertilizers. To our knowledge, there is no available 

information on the effect of foliar-soil application of natural organic Zn complexes on 

soil Zn status and Zn uptake under field conditions in calcareous soils and, therefore, 

further research is needed. 

3. Processes related to GHG emissions 

3.1 Biochemical processes involved in N2O emissions 

In order to find best agricultural practices to mitigate N2O emissions, it is important to 

understand the biochemical processes involved in the N cycle (Fig. 1.4) that lead to the 

production and release of this gas from soils. Microbial nitrification and denitrification in 

soils contribute 70% of global N2O emissions (Butterbach-Bahl et al., 2013). 
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Figure 1.4. Microbial pathways involve in the N-cycle. Background colors represent the oxic 
(blue) and anoxic (brown) conditions. The compounds are located according to the N oxidation 
state. Solid colored lines indicate microbial pathways, and the genes encoding the respective 
enzymes that catalyze each step in the pathway are included (Hallin et al., 2018). 

3.1.1 Nitrification 

o Autotrophic nitrification 

Nitrification (Fig. 1.5) is the oxidation of NH4
+ or NH3 to NO3

- via nitrite (NO2
-). These 

reactions are carried out by two groups of microorganisms: the first part is conducted by 

the ammonia oxidizers, whereas the second step is carried out by nitrite oxidizers (Bock 

et al., 1986). Nitrification starts with the oxidation of NH3 to hydroxylamine (NH2OH), 

which is catalysed by ammonia monooxygenase (AMO). The amoA gene encode the 

AMO and comes from the ammonia-oxidizing bacteria (AOB) and archaea (AOA) 

(Rotthauwe et al., 1997; Tourna et al., 2008). The next step, the oxidation of NH2OH to 
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NO2
- (Hollocher et al., 1981; see Fig. 1.5), is catalysed by hydroxylamine oxidoreductase 

(McCarty, 1999). The NO2
- produced is used by nitrite oxidizers in a one-step reaction to 

NO3
-, catalysed by nitrite oxidoreductase (Bock et al., 1986). During the nitrification 

process, not only is the end product, NO3
-, produced in large quantities, but so are the 

intermediates described above. There is also evidence that incomplete oxidation of 

NH2OH can lead to the production of N2O (Fig. 1.4) (Hooper and Terry, 1979). Thus, the 

NH3-oxidation to NO2
- can also be a source of N2O emissions. 

 

Figure 1.5. Autotrophic nitrification pathway and enzymes involved (Wrage et al., 2001). 

3.1.2 Denitrification 

Denitrification (Fig. 1.6) is the microbial pathway reducing NO3
- and NO2

- to the gases 

NO, N2O and molecular nitrogen (N2). This process is usually carried out under anaerobic 

conditions and most denitrifying microorganisms switch to oxygen respiration as soon as 

oxygen is available because it conserves in energy (Chen and Strous, 2013). The 

denitrification pathway consists of four separate reactions, some of which can be 

catalysed by several structurally different enzymes (Fig. 1.6). The first step, the reduction 

of NO3
- to NO2

-, is catalysed by NO3
- reductase encoded by the genes narG and napA 

(Richardson et al., 2007). The second step is the reduction of NO2
- to NO by two 
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structurally different enzymes (one of them contains copper (Cu) and the other heme, as 

cofactors), encoded by the genes nirK and nirS, respectively (Rinaldo and Cutruzzolà, 

2007). This step is the first within the denitrification pathway that produces a gas that can 

potentially be lost to the atmosphere. However, due to the cytotoxicity of NO as a free 

radical, most organisms that have the capacity to produce NO are also able to reduce it 

further to N2O (Graf et al., 2014; Shapleigh, 2006; Zumft, 1997). This reaction constitutes 

the third step in the denitrification pathway. The ability to reduce NO to N2O is not 

restricted to denitrifying microorganisms and is often used for detoxification in non-

denitrifying microorganisms (Philippot, 2005; Zumft, 1997). Within denitrifying 

microorganisms, the norB gene encode for respiratory NO reductases (Zumft, 2005). The 

final step of the denitrification pathway is the reduction of N2O to N2. This step is 

catalysed by a multi-Cu enzyme, N2O reductase, encoded by the gene nosZ. It is the only 

known enzyme capable of this reaction and, therefore, the only known biological sink of 

N2O (Hallin et al., 2018; Zumft and Kroneck, 2006). This makes the enzyme and 

organisms with this function particularly interesting and highlights their importance as 

N2O sinks in ecosystems. 

 

Figure 1.6. Denitrification pathway. The genes encoding the enzymes responsible for each step 
are indicated above and below the arrows. Soluble and gaseous products are represented in dark 
and light blue, respectively (Wittorf, 2017).  
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3.1.3 Coupled nitrification-denitrification 

The coupled nitrification-denitrification pathway (Fig. 1.7) is the consumption of the 

NO3
- produced through nitrification by the denitrifying communities, under favourable 

conditions for both processes (Wrage et al., 2001). Nitrification takes place in oxic 

conditions in the surface layer, whereas denitrification occur in anoxic microsites (Fig. 

1.4). Nitrous oxide is mainly produced at the aerobic-anaerobic interface from where it 

can diffuse to the soil surface. This suggests that the production of N2O is highest under 

conditions that are sub-optimal for both nitrifiers and denitrifiers. 

3.1.4 Other processes 

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

oxidation of NH3 to NO2
- followed by the reduction of NO2

- to N2O or N2. In this process, 

the 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). Nitrous oxide can also be released by other 

processes, whose relevance for the N2O budget is considered marginal in Mediterranean 

areas, such as heterotrophic denitrification (Robertson and Kuenen, 1990), dissimilatory 

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

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

amoA 

napA 
narG 

nirK, nirS 

norB 

nosZ 

Figure 1.7. Coupled nitrification-denitrification pathway. 
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3.2 CH4 and CO2 emission processes 

Carbon dioxide (CO2) and methane (CH4) are the two most important greenhouse 

gases and both are affected by N fertilization (IPCC, 2007). The main anthropogenic 

sources of CH4 emissions are livestock, manures and flooded rice paddies (Chadwick et 

al., 2011; Pachauri et al., 2014). Methanogenesis is the microbial process that produces 

CH4 from CO2, acetate, or methyl-compounds. Three pathways make up methanogenesis 

(Fig. 1.7): hydrogenotrophic, aceticlastic, and methylotrophic. These pathways differ in 

the enzymes used to generate methyl-tetrahydro(methano/sarcina)pterin (CH3-

H4(M/S)PT), the intermediate common to all pathways, but converge in the last two steps 

used to generate CH4 (Ferry, 2010). Aceticlastic methanogenesis consists of the 

oxidization of a carbonyl group of acetate to CO2 and the reduction of the methyl group 

to CH4 (Ferry, 2010; Rogers and Whitman, 1991). The other pathways produce CH4 by 

the reduction of CO2 with electrons from H2 or formate and the conversion of methyl 

groups from compounds such as methanol or methylamines. Two-thirds of CH4 emissions 

are generated by aceticlastic methanogenesis and one-third by the other two pathways. 

On the other hand, methane is normally oxidized in aerobic soils (Goulding et al., 

1996) but there is evidence that after the addition of N fertilizers that include NH4
+ 

generating compounds as urea, the oxidation capacity of the soil can be significantly 

reduced (Bodelier and Laanbroek, 2004). Methanotrophy is the oxidation of CH4 by 

microorganisms in order to obtain energy and a source of carbon. Thauer (2011) reported 

that, globally, aerobic methanotrophy (35%) consumes twice the amount of CH4 than that 

consumed by anaerobic methanotrophy (18%). Aerobic methanotrophy is performed by 

certain bacteria that combine molecular oxygen with CH4 to produce methanol (CH3OH). 

The methanol is then oxidized to formaldehyde (CH2O), which is incorporated into 

organic compounds via either the serine or ribulose monophosphate pathway (Semrau et 
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al., 2010). In aerobic soils, the main factors that affect CH4 uptake are the soil moisture 

and the organic carbon and mineral N contents (Le Mer and Roger, 2001). The radioactive 

forcing of N2O emissions from N fertilization is not compensated by this CH4 

consumption (Hellebrand et al., 2003).  

 

Figure 1.8. Three methanogenesis pathways: H2/CO2 (black arrows), aceticlastic (green arrows) 
and methylotrophic (blue arrows). Metal atoms are represented by the colored circles (Glass and 
Orphan, 2012). 
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Carbon dioxide is emitted as a result of the respiration by roots and soil 

microorganisms. The type of fertilizer (organic or inorganic) has a great influence on the 

fluxes (Ding et al., 2007). Carbon dioxide emissions (usually) increase with the 

application of mineral N (Iqbal et al., 2009), although some authors have demonstrated 

that a high N fertilization rate reduces CO2 losses (Meijide et al., 2010). Respiration takes 

place when any organic compound (usually carbohydrate) is oxidized completely to 

CO2 and water (H2O). Both aerobic and anaerobic microbial respiration involve the 

hydrolysis of organic polymers, followed by the oxidation of the monomers produced 

(Zehnder and Stumm, 1988). The products of the initial hydrolysis are identical, but 

aerobic and anaerobic conditions involve different microbial communities and different 

mechanisms (Zehnder and Svensson, 1986). 

3.3 Effect of micronutrients on the N-cycling genes 

The enzymes that catalyse several steps in the biochemical processes involved in the 

emissions of N2O contain trace metals as co-factors, such as Cu, Zn or Fe (Glass and 

Orphan, 2012). This is also the case for CH4 emission and consumption (Fig. 1.7). It is 

known that the amoA gene and nirK and nosZ genes mainly need Cu in order to activate 

the nitrification and denitrification processes, respectively. Previous studies have found 

an effect of Zn on N2O and CH4 fluxes (Chen et al., 2014; Pramanik and Kim, 2017). 

However, it has so far not been clarified whether this effect is micronutrient-dependent 

(De Brouwere et al., 2007; Ruyters et al., 2010) or source-dependent. It is known that 

nitrification inhibitors act as metal chelators (Ruser and Schulz, 2015). Specifically, 

Duncan et al. (2017) showed that the chelation of Cu as the co-factor of the AMO was 

the inhibition mechanism for 3,4-dimethylpyrazole phosphate (DMPP) and nitrapyrin in 

soils with low Cu contents. The influence of Cu availability on NH4
+ oxidation has been 

demonstrated in several studies (e.g. Bédard and Knowles (1989) and Singh and Verma 
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(2007). Chelated agents such as ethylenediaminetetraacetic acid (EDTA), which are used 

to apply micronutrients with enhanced efficacy (Alvarez, 2010), have been shown to 

inhibit nitrification (Hu et al., 2003). However, studies on the specific inhibition 

mechanism, as well as the effect on other metal-dependent biochemical processes such as 

denitrification, are still needed. Currently it is not possible to answer the question “Can 

micronutrient-based fertilizers, such as Zn, affect GHG emissions?”, and so more studies 

are necessary to clarify this issue. 

4. Agricultural practices to mitigate N2O emissions 

Reducing N2O emissions from agriculture is essential in order to limit the 

environmental risk associated with a warming by 2°C above pre-industrial levels by 2030 

(Wollenberg et al., 2016). Accordingly, several strategies to reduce N2O losses from 

agricultural soils have been broadly evaluated. 

4.1 Management of N timing, rate, source and placement. 

An effective N management program addresses four main points: rate, source, timing 

and placement. These should be assessed taking into account the crop grown, soil type, 

environmental conditions and other constraints within the overall production system 

(Malhi et al., 2001). Fertilization must ensure that an adequate amount of N is available 

to the crop and also yield should be optimized without leading to negative effects on the 

crop. In addition, N losses and NUE should be minimized and maximized, respectively, 

without compromising soil or environmental quality.  

4.2 Water management 

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

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

demand must come from irrigated agriculture. It is also known that irrigation and N 

fertilization are the main factors involved in losses of N2O. With regards to potential N2O 

mitigation strategies, the management of irrigation is considered a good practice for 
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reducing these emissions and increasing NUE (Smith and Baillie, 2009). The irrigation 

system, water input and frequency affect the moisture content expressed as water-filled 

pore space (WFPS). The WFPS is a limiting factor for N2O emission in semi-arid areas 

such as the Mediterranean region, where irrigation during low-rainfall periods is required 

(Aguilera et al., 2013). A combined management of water and N fertilization is, therefore, 

essential for the implementation of an effective mitigation N2O strategy (Guardia et al., 

2017a; Vallejo et al., 2014).  

4.3 Effect of nitrification and/or urease inhibitors 

Nitrification inhibitors (NIs) were originally developed to mitigate NO3
- leaching, 

however they can also be used in combination with organic or inorganic N fertilizer as an 

efficient strategy to reduce N2O emissions without compromising crop yields (Abalos et 

al., 2014; Cayuela et al., 2017; Huérfano et al., 2016). The mechanism used by these 

synthetic compounds is the inhibition of the AMO enzyme involved in the first step of 

nitrification (Fig. 1.9), maintaining the NH4
+ in the soil for a longer period (Gilsanz et al., 

2016; Misselbrook et al., 2014; Ruser and Schulz, 2015). Consequently, the N2O 

emissions resulting from nitrification are significantly reduced. The most common NIs in 

Europe are: dicyandiamide (DCD), DMPP and 2-(3,4 dimethyl-1H- pyrazol-1-yl) 

succinic acid isomeric mixture (DMPSA). The latter, which is an experimental product, 

is from the same family as DMPP, but differs it by the presence of the succinic group 

instead of phosphate. 

 

 

Figure 1.9. Mechanism used by the nitrification inhibitors on the nitrification process (modified 
from Recio, 2019). 
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Urease inhibitors (UIs) are considered as a good strategy for reducing NH3 

volatilization (Watson et al., 2008). They work by delaying the conversion of urea to 

NH4
+ (Fig. 1.10). They are also recommended for minimizing the N losses, associated 

with urea fertilizer (common N inorganic source) (Bittman et al., 2014; Harrison and 

Webb, 2001). The UIs most commonly used are those derived from the 

phosphorodiamidates such as N-(n-butyl) thiophosphoric triamide (NBPT). 

 

Figure 1.10. Mechanism used by urease inhibitors (modified from Recio, 2019). 

Nitrification and urease inhibitors have been shown to be efficient in the abatement of 

oxides of N, as demonstrated by several meta-analyses (Gilsanz et al., 2016; Qiao et al., 

2015; Thapa et al., 2016) and in field studies in Mediterranean cropping systems (Guardia 

et al., 2017b; Recio et al., 2019). The combination of both types of inhibitors with urea 

could, therefore, be an effective practice for reducing N2O, NO, NO3
- leaching, and NH3 

volatilization. However, Zhao et al. (2017) reported that at the end of a maize cropping 

season, the greatest mitigation of N2O emissions was obtained using a NI alone (66% of 

reduction) followed by the double inhibitor (47% of reduction) and the UI alone (37% of 

reduction), with significant differences between the three treatments. Similar results were 

obtained for the NI and double inhibitor treatments in a wheat crop, although no 

significant differences were observed between them. Further research is, therefore, 

needed to determine the effect of nitrification and/or urease inhibitors on mitigating N2O 

emissions. 
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4.4 Other practices 

Conservation agriculture practices have also been studied as effective N2O mitigation 

strategies. The following practices have been addressed: tillage management (Plaza-

Bonilla et al., 2014; Six et al., 2004; Tellez-Rio et al., 2015a), crop rotations (Jensen et 

al., 2012; Jeuffroy et al., 2013; Sanz-Cobena et al., 2017) and the use of cover crops 

(Quemada et al., 2013). 
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The increase of food production has been made possible through the production and 

use of commercial N fertilizers. In the past, these N inputs have been associated with an 

important increase of N2O in the atmosphere. Sustainable agricultural practices need to 

be implemented, therefore, to mitigate these N2O emissions and at the same time maintain 

yields and increase crop quality. As a contribution to help solve this issue, two different 

strategies have been analysed in this thesis:  

Strategy 1) Based on the synergistic effect of simultaneous micronutrients and N input, 

such as Zn-N co-fertilization, which could improve N use efficiency (thus reducing 

potential pollution impacts) and crop quality, especially by the biofortification of Zn in 

wheat and maize.  To date, this strategy has been studied using a source of N and different 

sources of Zn (chelates, natural organic), although not in much depth. As Zn application 

to the soil can affect soil microorganisms, it could also affect the processes involved in 

the emission of N2O and CH4 in soil. An understanding of how these Zn-sources modulate 

soil nitrifying and denitrifying microbiota under different moisture conditions is still 

needed. 

Strategy 2) Based on the incorporation of urease and nitrification inhibitors to mineral 

N fertilizer (N-enhanced efficiency fertilizers), which directly or indirectly affect 

processes involved in the N-cycle (volatilization, nitrification or denitrification). The new 

nitrification inhibitor DMPSA (which has not been yet commercialized) or a combination 

of DMPSA and a urease inhibitor incorporated into a source of N was studied for a rape 

crop, including the evaluation of its effect on oil production. To date, there is little 

published information about with DMPSA under real field conditions, and no information 

is available for oilseed rape crops in semi-arid areas. Since the effect of mineral N 

fertilization is the main contributor to the Life Cycle Assessment of winter rape, a 
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significant reduction of N2O emissions using N-enhanced efficiency fertilizers would be 

an important technological strategy. 

In order to gain knowledge on both strategies, the general objectives of this thesis 

were: 

1) To study strategies to mitigate GHG emission and to improve crop quality 

through the use of Zn-N co-fertilization and N-enhanced efficiency fertilizers 

in irrigated and rainfed crops in a semiarid area.  

2) To evaluate the effect of these strategies on the microbial populations related to 

nitrification and denitrification to better understand their influence on N2O 

fluxes. 

With these objectives in mind, the research work was structured into four field 

experiments, each one with a specific objective: 

Objective 1: To assess the effects of applying different N rates in combination with 

natural organic Zn sources on Zn biofortification, nutritional quality and yield of a wheat 

crop, including a comparison with an inorganic Zn source. 

 Initial hypotheses:  

1. The foliar application of natural organic Zn sources (lignosulphones, gluconates 

or aminoacids) to wheat under calcareous soil conditions could achieve a similar 

or greater efficiency of Zn biofortication than the foliar application of Zn-

sulphate, using a significantly smaller amount of Zn. 

2. The efficiency of each Zn source would also be dependent on N rate. 
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Spanish: Evaluar los efectos de la aplicación de distintas dosis de N en combinación con 

una fuente natural orgánica de Zn sobre la biofortificación en Zn, la calidad nutricional 

y el rendimiento en un cultivo de trigo, comparando con una fuente de Zn inorgánica. 

 Hipótesis Iniciales:  

1. La aplicación foliar de una fuente natural orgánica de Zn (lignosulfonatos, 

gulocnatos, aminoácidos), en un trigo en condiciones de suelo calcáreo, prodría 

conseguir eficiencias iguales o mayores repecto a la biofortificación de Zn que la 

aplicación foliar de sulfato de Zn, mediante el uso de una cantidad 

significativamente menor de Zn. 

2. La eficiencia de cada fuente de Zn será, además, dependiente de la dosis de N 

aplicada. 

 

Objective 2: To study the effect of several Zn sources (conventional, synthetic chelates 

and natural complexes) and N fertilization rates on GHG emissions and soil microbial 

processes involved in N2O fluxes for a rainfed wheat crop. 

Initial hypotheses: 

1. The N2O emissions from both nitrification and denitrification processes could be 

directly affected by Zn sources (particularly chelates). 

2. The Zn chelate compounds reduce the amount and activity of nitrifiers and 

denitrifiers, through the removal of Cu as co-factor of metalloenzymes. 

Spanish: Estudiar el efecto de varias fuentes de Zn (convencional, quelatos sintéticos y 

complejos naturales) combinadas con una dosis de fertilización de N sobre las emisiones 

de GEI y los procesos microbiológicos del suelo responsables de los flujos de N2O, en un 

cultivo de trigo de secano. 

 



Chapter 2. Objectives 
 

26 
 

Hipótesis Iniciales: 

1. Las emisiones de N2O procedentes de los procesos de nitrificación y 

desnitrificación podrían estar directamente afectadas por la fuente de Zn 

(particularmente por los quelatos). 

2. Los quelatos de Zn reducen la cantidad y actividad de los nitrificantes y 

desnitrificante, a través de la eliminación del Cu, el cual actuaría como co-factor 

de las metaloenzimas 

 

Objective 3: To determine the effect of Zn-N co-fertilization on Zn biofortification, GHG 

emissions and soil microbial processes involved in N2O fluxes for an irrigated maize crop. 

Initial hypotheses: 

1. The Zn chelate-based compounds would mitigate total N2O emissions as well as 

increase grain Zn concentrations. 

2. Zn chelate-based compounds would reduce the amount and activity of nitrifiers 

and denitrifiers and increase the abundance of the nosZ gene. 

Spanish: Determinar el efecto de la co-fertilización de Zn-N sobre la biofortificación de 

Zn, las emisiones de GEI y los procesos microbiológicos del suelo responsables de los 

flujos de N2O en un cultivo de maíz irrigado. 

Hipótesis Iniciales: 

1. Los compuestos basados en quelatos de Zn mitigarían las emisiones totales de 

N2O a la vez que aumentarían la concentración de Zn en grano. 

2. Los compuestos a base de quelatos de Zn reducirían la cantidad y actividad de los 

nitrificantes y desnitrificantes y aumentarían la abundancia del gen nosZ. 
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Objective 4: To evaluate the effect of N-enhanced efficiency fertilizers based on urease 

inhibitor and/or a new nitrification inhibitor on GHG emissions, soil microbial processes 

involved in N2O fluxes and oil production for a rainfed rape crop. 

Initial hypotheses: 

1. The use of a new nitrification inhibitor (DMPSA) and/or a urease (NBPT) 

inhibitor would minimize emissions of N2O with respect to N sources without 

inhibitors. 

2. DMPSA would reduce the total abundance of nitrifiers but not denitrifiers, 

whereas NBPT would not affect the abundance of either. 

3. The N-enhanced efficiency fertilizers would improve oil yield of a rainfed rape 

crop.  

Spanish: Evaluar el efecto de los fertilizantes de N eficientemente mejorados basados en 

inhibidores de la nitrificación y la ureasa sobre las emisiones de GEI, los procesos 

microbiológicos responsables de los flujos de N2O y la producción de aceite en un cultivo 

de colza en secano. 

Hipótesis Iniciales: 

1. El uso del nuevo inhibidor de la nitrificación (DMPSA) y/o del inhibidor de la 

ureasa (NBPT) minimizaría las emisiones de N2O en comparación con las fuentes 

de N sin inhibidores. 

2. El DMPSA reduciría la abundancia total de nitrificantes, pero no de 

desnitrificantes, mientras el NBPT no afectaría a ninguna de las abundancias. 

3. Los fertilizantes de N eficientemente mejorados producirían una mejora del 

rendimiento en aceite en un cultivo de colza de secano.
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Four different field experiments were carried out during the period 2015-2018, as 

shown in the timeline in Fig. 3.1.  

The experiments were as follows:  

Experiment 1- Zinc-nitrogen interaction effect on wheat biofortification and nutrient use 

efficiency. 

Experiment 2- Influence of zinc fertilizers on greenhouse gas emissions and nitrifying 

and denitrifying communities in a non-irrigated arable cropland. 

Experiment 3- Influence of zinc-nitrogen co-fertilization on N2O emissions and microbial 

communities in an irrigated maize crop. 

Experiment 4- Effect of urease and nitrification inhibitors on GHG emissions and N-

cycling genes in a rape crop. 

 
Figure 3.1. Timeline diagram of the experiments carried out. 

1. Site description 

The field experiments were carried out at the National Center of Irrigation 

Technology, “CENTER” (latitude 40°25´1.31´´N, longitude 3°29´45.07´´W; Fig. 3.2) in 

Madrid (Spain). According to the Soil Taxonomy of the USDA, the soil is a Typic 

xerofluvent (Soil Survey Staff, 2017) on the upper horizon (0–20 cm). The general 

properties of the topsoil were: organic matter (Walkley-Balck), 21 g kg−1; total N 

(Kjeldahl digestion), 1.6 g kg−1; bulk density, 1.3 g cm−3; pHwater, 8.2 and CaCO3, 82 g 

kg−1. At the beginning of the experimental period (Nov 2015), the NO3
- content was 27 

mg kg-1 and the extractable P (Olsen) was 29 mg kg−1. This soil is slightly deficient in 
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Zn, with Diethylenetriaminepentaacetate (DTPA)-Zn < 1 mg kg-1  (Brennan et al., 1993). 

For the wheat crop (experiment 1 and 2) the DTPA-extractable Cu was 1.6 mg kg−1, 

DTPA-extractable Zn was 0.8 mg kg−1, DTPA-extractable manganese (Mn) was 4.6 mg 

kg−1, and DTPA-extractable Fe was 4.4 mg kg−1. In the case of maize (experiment 3) the 

DTPA-extractable Cu was 0.8 mg kg−1, DTPA-extractable Zn was 0.9 mg kg−1 and 

DTPA-extractable Fe was 5.6 mg kg−1. According to data from the meteorological station 

located in the field, the mean annual average temperature and rainfall during the last 10 

years were 14.3°C and 382 mm, respectively. Maximum temperature reached in the 

months of July and August during the last 10 years were (on average) 37°C and 38°C, 

respectively. The station data for rainfall and air and soil (at 10 cm depth) temperatures 

were downloaded from http://eportal.mapama.gob.es/websiar/Inicio.aspx. 

 

Figure 3.2. Location of the experimental site. 

2. Protocols to quantify GHG emissions, N and Zn contents in plant and soil and 
N-cycling genes in soils 

2.1 GHG sampling and analyses 

A manual static chamber method was used for simultaneously sampling N2O, CH4 

and CO2 fluxes.  This non-steady state methodology represents one of the most widely 

applied methods for measuring N2O emissions worldwide (de Klein and Harvey, 2012).  

The protocol used was based on the deployment of an opaque cylindrical static chambers 
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with a volume of 19.3 L (diameter 35.6 cm, height 19.3 cm) in each plot during a closure 

period of 60 min (Fig 3.3). These chambers covered a soil surface of 316.6 cm2 and were 

fitted into stainless steel rings that had been inserted into the soil to a depth of 10 cm at 

the beginning of the experiment in order to avoid the lateral diffusion of gases and 

disturbance of the gas fluxes (Hutchinson and Livingston, 2001). For the wheat crop 

(Experiment 2), these rings and, consequently, the chambers included plants at the same 

density as the rest of the experimental plot. For maize (Experiment 3) and rape 

(Experiment 4), the rings were placed between rows and, therefore, did not include plants. 

To reduce the spatial variability during fertilizers treatments, the prescribed amounts of 

N were manually applied within the chambers in situ. Measurements of N2O, CO2 and 

CH4 emissions were made at 0, 30 and 60 min. Gas samples were taken from the 

headspace of each chamber using 20 mL syringes, which were fitted with 3-way 

stopcocks at 0, 30 and 60 min after chamber closure, and transferred to pre-evacuated 

vials sealed with a gas-tight neoprene septum. The changes 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 observed, R2 > 0.90) during 

the sampling period (1 h). In the case of nonlinear fluxes, linear regressions were 

performed, since it is the recommended method for three sampling points (Venterea et 

al., 2013). 
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Figure 3.3. Opaque static chamber (inserted into the steel ring) used to collect N2O samples in 
the wheat experiment. 

The concentrations of N2O, CO2 and CH4 were determined by gas chromatography 

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

(HT3), both of which were from Agilent Technologies (Barcelona, Spain). HP Plot-Q 

capillary columns transported the gas samples to a 63Ni electron-capture detector (ECD) 

to determine the N2O concentrations with a limit of detection of 50 ppb; and to a flame-

ionization detector (FID) fitted with a methanizer for the CH4 and CO2 concentrations 

(with a limit of detection of 850 ppb). The detector temperature was set to 350ºC and the 

temperature of both the injector and oven were 40ºC. The make-up gas in the ECD 

detector was Ar–CH4. The precision of the gas chromatographic data at ambient N2O 

concentrations was ± 1% or better. A calibration N2O curve was performed using two gas 

standards (Carburos Metálicos S.A., Barcelona, Spain) with four different concentrations, 

two original standards (2000 ±50 and 400±6 ppb N2O) and two diluted standards. The 

response of the GC was quadratic within the 200–2000 ppb range for N2O. 

2.2 Soil and crop sampling and analyses 

Soil samples were taken throughout the experimental period in order to relate gas 

emissions to soil properties (Experiment 2, 3 and 4) or soil Zn and N available for uptake 

by the plant (Experiment 1). Soil samples were collected at depth of 0-10 cm during the 

growing season at the same time as nearly all gas samples, especially after each 
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fertilization event. Three soil cores (diameter 2.5 cm and length 12 cm) were randomly 

collected close to the ring in each plot and then mixed and homogenized in the laboratory. 

Soil NH4
+ and NO3

− concentrations were determined using 8 g of soil extracted with 50 

mL of KCl (1 M), and measured by automated colorimetric determination using a flow 

injection analyser (FIAS 400 Perkin Elmer) equipped with a UV–Vis spectrophotometric 

detector.  

The method DTPA-triethanolamine (TEA) (DTPA 5 mM + CaCl2 10 mM + TEA 0.1 

M adjusted to pH 7) (Lindsay and Norvell, 1978) was used to determine the soil 

concentrations of micronutrients available for plants. This procedure consisted of 

weighing 10 g of the sieved soil into a 125 mL conical glass flask and extracting the 

micronutrients with 20 mL of the DTPA-TEA extraction solution and shaking for 2 h. 

The suspension was filtered through a Whatman No. 42 filter paper and the filtrate was 

measured by flame atomic absorption spectroscopy (FAAS) (Perkin-Elmer Analyst 700). 

The WFPS was calculated by dividing the volumetric water content by total soil 

porosity, assuming a particle density of 2.65 g cm−3. Gravimetric water content was 

determined by oven-drying soil samples at 105°C with a Sartorius® MA30 moisture 

analyzer. The N content, in the different plant fractions, was determined by the Dumas 

combustion method using a TruMac CN Leco elemental analyzer, according to the 

Official Methods of Analysis (AOAC, 2006). Total Zn in the dry plant matter was 

extracted by wet acidic digestion in a digester (SPB 50–24 with an SPB digital controller, 

Perkin-Elmer). First, air-dried samples were sieved at 2 mm, except for the wheat flour 

samples which were sieved at 1 mm. Then, 1 g of dried and sieved sample was weighed 

and 10 mL of HNO3 (65%), 10 mL HCl (37%) [except for wheat vegetal tissues and roots, 

for which 3 mL of HF (48%) was used] and 10 mL of deionized water was added. This 

mixture was left overnight and then placed in a digester for 2 h at 140°C. The sample was 
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then filtered through a Whatman No. 41 filter paper into a 50 mL graduated flask and the 

concentrations of Zn and other micronutrients were determined by FAAS. 

2.3 DNA extraction and quantification of nitrifying and denitrifying microbial 
communities 

Soil samples for deoxyribonucleic acid (DNA) extractions were taken on different 

dates related to the N2O fluxes in Experiments 2, 3 and 4. Total DNA was extracted from 

500 mg of soil using the commercial PowerSoil® DNA isolation kit (Qiagen). Briefly, the 

DNA extraction method involved the physicochemical lysis of microbial cells with gentle 

bead-beating, binding to a silica spin filter, washing and finally elution in Milli-Q® water. 

Quality and size of DNA were checked by electrophoresis on 1% agarose, and the DNA 

concentration was measured using the Qubit® ssDNA assay kit (Molecular Probes). DNA 

was stored at -80 °C until used. 

The size of nitrifying communities was estimated by quantitative polymerase chain 

reaction (qPCR) of the amoA gene from AOB and AOA (Rotthauwe et al., 1997; Tourna 

et al., 2008, respectively). Similarly, denitrifying communities were estimated by qPCR 

of the nirK, nirS, norB and nosZ genes using primers and thermal conditions described 

previously (Henry et al., 2004; Throbäck et al., 2004; Braker and Tiedje, 2003; Henry et 

al., 2006, respectively). The total bacterial (16SB) and archaeal (16SA) communities 

were quantified using the 16S rRNA gene as a molecular marker (López-Gutiérrez et al., 

2004; Ochsenreiter et al., 2003, respectively). Quantitative PCR was performed in an ABI 

Prism 7900 Sequence Detection System (Applied Biosystems) employing the fluorophore 

SYBR Green to quantify the total abundance of targeted genes. Standard curves were 

obtained using serial dilutions (ranging from 108 down to 102 copies μL−1) of linearized 

plasmids containing clones of the targeted genes. Amplicons were generated from 

Pseudomonas putida NCB 957 (quantification of total Bacteria), DNA from the genomic 

clone 29i4 (quantification of total Archaea), Nitrosospira multiformis ATCC 25196 
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(quantification of AOB), DNA from the fosmid clone 54d9 (quantification of AOA, 

(Leininger et al., 2006), Pseudomonas stutzeri ATCC 14405 (quantification of nirK, nirS, 

norB and nosZ, Nogales et al., 2002). PCR efficiency for the different assays ranged 

between 90% and 99%. The quality of qPCR amplification was verified by 

electrophoresis in agarose and by a melting curve analysis. We expressed the abundance 

of targeted genes as gene copy number per nanogram of DNA instead of gram of soil in 

order to minimize any bias related to soil DNA extraction efficiency (Klappenbach et al., 

2001). 

3. Field Experiments 

3.1 Experiment 1 – Zinc-nitrogen interaction effect on wheat biofortification and 
nutrient use efficiency 

3.1.1 Experimental design and management 

Winter wheat (Triticum aestivum L. var. ‘Ingenio’) was sown on 27th October 2015 at 

a density of 200 kg seeds ha-1. A total of 60 (5 m × 4 m) plots were selected and arranged 

in a randomized block design with 15 Zn source-N rate combinations and four replicates 

per treatment (Fig. 3.4). Three different N application rates: 0 (N0), 120 kg N ha-1 (the 

recommended rate considering the average yields for rainfed winter wheat in Central 

Spain and previous soil analyses, N120) and 180 kg N ha-1 (N120+60) were combined 

with five different Zn sources. Three natural organic Zn sources: Zn-lignosulphonate 

(ZnLS, 7.5% Zn w/w), Zn-aminoacids (ZnAA, 6.8% Zn w/w) and Zn-gluconate (ZnGluc, 

12% Zn w/w) (De Liñán-Carral and De Liñán-Vicente, 2016) were compared with an 

inorganic Zn source: ZnSO4 (ZnSul, 35% Zn w/w) and with not applying any Zn (Zn0, 

0% Zn). 

Zinc sources were split into two dressing applications. On each occasion the 

application rates were 0 kg Zn ha−1 for Zn0 (0 = the numerical digit for zero); 0.18 kg Zn 

ha−1 for ZnLS, ZnAA and ZnGluc; and 5 kg Zn ha−1 for ZnSul (Alloway, 2008; De Liñán-
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Carral and De Liñán-Vicente, 2016). Consequently, the total Zn rates were 10 kg Zn ha−1 

for ZnSul and 0.36 kg Zn ha−1 for the other treatments. The Zn fertilizers were applied by 

hand with a knapsack sprayer (foliar-soil application) at the beginning of the stem 

elongation stage (Z30; Zadoks et al., 1974) for the first fertilization, and at the end of this 

stage (Z39) for the second fertilization. In the case of N, urea (46% N w/w), provided by 

EuroChem Agro GmbH, was applied to the soil surface by hand (120 kg N ha-1 at Z30 for 

the N120 and N120+60 treatments and 60 kg N ha-1 at Z39, for the N120+60 treatment). 

 

Figure 3.4. Experimental design for Experiments 1 and 2. A total of 21 treatments were included 
with four replicates per treatment. Treatments in Experiment 1 are presented in blue. Treatments 
in Experiment 2 are presented in green and treatments in both experiments are presented in 
orange. Chambers are represented by brown circles for the 120 kg N ha-1 rate and by green circles 
for the 180 kg N ha-1 rate. The drawing is not to scale. 

3.1.2 Plant and soil samples 

Plant samples were taken at three different times: 1) At the end of stem elongation 

(April 18th); 2) after anthesis (May 20th); and 3) at harvest (June 21st). For the anthesis 

samples, several young leaves (Zn content is usually more stable in young leaves than in 

old leaves, Brennan et al., 1993) were collected from three plants and conserved at 4°C 
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to prevent degradation. For the analysis of soluble Zn, chlorophyll and carotenoid content 

in fresh matter the samples were chopped. The soluble Zn content was determined using 

2-(N-morpholino) ethanesulfonic acid (1 mM at pH 6.0). The leaves (0.5 g) were 

macerated in a mortar with 10 mL of this reagent for several minutes (Cakmak and 

Marschner, 1987). Samples were then centrifuged (10,000 rpm for 15 min), filtered and 

measured using flame atomic absorption spectrophotometry (FAAS, Perkin-Elmer 

Analyst 700). The chlorophyll and carotenoid contents of fresh leaves were determined 

following a spectroscopic method and quantified with the use of the equations described 

in the Official Methods of Analysis (AOAC, 1990) and according to Lichtenthaler and 

Wellburn (1983), respectively. 

Different plant fractions, i.e. root, stem, leaves and grain, were obtained at both the 

end of stem elongation and at harvest. In this paper, the term “straw” refers to the shoot 

excluding the grains at harvest. Total Zn content in dry matter of the different plant 

fractions at both sampling times was extracted by wet acidic digestion in a digester (SPB 

50-24 with an SPB digital controller, Perkin-Elmer), using the method and the equipment 

described in section 2.2. Total N content was calculated by the Dumas combustion 

method (section 2.2). Total protein content was calculated by multiplying N content by 

the factor 6.25 for vegetable matter (Nations et al., 2004). 

Soil Zn concentration, before the second fertilization and after harvest, was 

extracted by using the DTPA-TEA method (see section 2.2). 

3.1.3 Yield and quality attributes 

Some wheat parameters were studied after harvest in accordance with Jan et al. (2013). 

Grain yield and straw yield (related to grain, stem and leaf weight) were analyzed for 50 

plants of two rows in each plot, which were manually threshed and the grain cleaned. The 

number of tillers was counted in ten plants of each plot and converted into tillers plant-1. 
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The grain spike-1 parameter was calculated by selecting ten spikes and averaging the 

number of grains per spike. The 1000-grain weight was recorded by counting and 

weighing one thousand grains with an electronic balance.  

Zinc and N uptake were calculated by multiplying yield by the Zn or N concentration 

for each plant part and then converting to kg ha-1. Finally, the relative efficiency of 

fertilizers was estimated as the percentage of their use by the crop (Lu et al., 2012). In 

this case, the wheat Zn utilization efficiency (ZUE) percentage was defined as: 

fertilized Zn0 (control)Zn uptake - Zn uptake Zn utilization efficiency (%) =  · 100
Zn applied

 (1) 

and the NUE was calculated as: 

fertilized N0 (control)N uptake - N uptake N utilization efficiency (%) =  · 100
N applied

  (2) 

3.1.4 Statistical analysis 

Analysis of variances (two-way ANOVAs) were carried out to analyze the Zn source, 

N rates and their interactions with Zn and N content (in grain, plant, root and soil), yield, 

plant pigments, total uptake of Zn and N, and ZUE and NUE. Means were separated using 

the least significant difference (LSD) test, and a probability level of P < 0.05 was selected 

to establish statistical significance. Pearson’s correlation coefficients were used to 

analyze the relationships between total grain Zn and N concentration, grain yield, yield 

parameters, total Zn and protein in leaves after anthesis, soluble Zn in leaves, total Zn 

uptake, chlorophyll a and total Zn-DTPA in soil. All statistical analyses were performed 

using Statgraphics Centurion version XVI software (Manugistic Inc., Rockville, MD, 

USA).  
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3.2 Experiment 2 – Influence zinc fertilizers on greenhouse gas emissions and nitrifying 
and denitrifying communities in a non-irrigated arable cropland 

3.2.1 Experimental design and management 

The second experiment was designed using some plots of Experiment 1 and 

complementing them with additional plots (Fig. 3.4). Both experiments were carried out 

simultaneously. A total of 45 plots (4 m × 5 m) were arranged in a three-replicate 

randomized block design. Each plot was the result of a factorial combination of three N 

rates: 0 (N0), 120 kg N ha-1 (N120) and 180 kg N ha-1 (N120+60) with five Zn sources: 

control without Zn application (Zn0); Zn sulphate (ZnSul, ZnSO4 35% Zn; w/w); Zn-

lignosulphonate (ZnLS, 7.5% Zn; w/w); Zn applied with a mixture of chelating 

compounds (ZnCh, Zn-DTPA-HEDTA-EDTA 7% Zn; w/w); and Zn-humic/fulvic acids 

(ZnHuFu, 7% Zn; w/w) (Table 3.1). The Zn sources were applied in two dressing 

applications. The application rate for both was 0 kg Zn ha−1
 for Zn0; 0.18 kg Zn ha−1 for 

ZnLS, ZnCh and ZnHuFu; and 5 kg Zn ha−1 for ZnSul (Martens and Westermann, 1991; 

Mortvedt and Gilkes, 1993). The total Zn rate was, therefore, 10 kg Zn ha-1 for ZnSul and 

0.36 kg Zn ha−1 for the rest of treatments. 
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Table 3.1. Treatments applied in Experiment 2. 
 N rate 

(kg N ha-1) 

Zn rate 

(kg Zn ha-1) 
Total N Total Zn 

Treatment 1st 
fertilization 

2nd 
fertilization 

1st 
fertilization 

2nd 
fertilization 

kg N ha-1 kg Zn ha-1 

N0Zn0 0 0 0 0 0 0 
N0ZnSul 0 0 5 5 0 10 
N0ZnLS 0 0 0.18 0.18 0 0.36 
N0ZnCh 0 0 0.18 0.18 0 0.36 
N0ZnHuFu 0 0 0.18 0.18 0 0.36 
N120Zn0 120 0 0 0 120 0 
N120ZnSul 120 0 5 5 120 10 
N120ZnLS 120 0 0.18 0.18 120 0.36 
N120ZnCh 120 0 0.18 0.18 120 0.36 
N120ZnHuFu 120 0 0.18 0.18 120 0.36 
N120+60Zn0 120 60 0 0 180 0 
N120+60ZnSul 120 60 5 5 180 10 
N120+60ZnLS 120 60 0.18 0.18 180 0.36 
N120+60ZnCh 120 60 0.18 0.18 180 0.36 
N120+60ZnHuFu 120 60 0.18 0.18 180 0.36 

 Nitrogen and Zn-based fertilizers were split into two dressing applications, at the 

beginning and the end of the stem elongation stage (Z30 and Z39, (Zadoks et al., 1974). 

In the case of N, the second dressing fertilization (60 kg N ha−1) was only carried out in 

the N120+60 treatment, while the plots corresponding to both N-fertilized treatments 

(N120 and N120+60) received 120 kg N ha−1
 at the first dressing application. All of the 

N was applied as urea (46% N; EuroChem Agro). Both N and Zn sources were applied 

through liquid solutions which were sprayed homogeneously using a knapsack sprayer 

(foliar-soil application). No fertilizers (N, P, or potassium, K) were applied at seeding, 

based on previous soil analysis. 

3.2.2 GHG sampling, GWP and yield-scaled N2O emissions 

Gas samples were taken as described in section 2.1. To obtain a representative 

temporal variability of GHGs, especially for N2O, gas and soil samples were collected 2–

3 times per week during the first month following fertilization. This is considered to be 

the most critical period for high gas emissions. After this period, the sampling frequency 
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was decreased progressively, although it was increased after rainfall events (Table 3.2).  

Cumulative gas emissions during the experimental period were calculated by multiplying 

the average flux of two successive measurements by the length of the period between the 

samples and adding that amount to the previous cumulative total. 

Table 3.2. GHG sampling dates for Experiment 2. 

Sampling dates before 
Fertilization 

Sampling dates after  
1st fertilization 

Sampling dates after 
2nd fertilization 

01/11/2015 23/03/2016 22/04/2016 
21/03/2016 25/03/2016 25/04/2016 

 28/03/2016 27/04/2016 
 31/03/2016 03/05/2016 
 05/04/2016 05/05/2016 
 08/04/2016 13/05/2016 
 13/04/2016 01/06/2016 

The GWP 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 (Pachauri et al., 2014). Yield-scaled N2O emissions were calculated 

as the ratio of N2O-N cumulative emissions to aboveground N uptake. The N surplus was 

estimated as the N application minus above-ground N uptake (Groenigen et al., 2010). 

3.2.3 Soil and crop sampling and analyses 

Soil samples were collected during the growing season at the same time as nearly all 

of gas sample, particularly after each fertilization event, as described in section 2.2 (see 

Table 3.2). Soil NH4
+ and NO3

− concentrations and WFPS were determined for these soil 

samples, (see section 2.2). Soil dissolved organic carbon (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. 
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After both fertilization events, the soil Zn and Cu concentration was extracted by the 

DTPA-TEA method (see section 2.2) in order to determine the possible effect on the 

nitrifier and denitrifier populations. 

3.2.4 Yield and plant N content  

 Wheat was harvested on June 21st with a research plot combine (Wintersteiger Inc.). 

The plants of one row had previously been harvested and air-dried to determine the total 

N content of grain and straw. The N content was determined using the Dumas combustion 

method (see section 2.2). 

3.2.5 DNA extraction and quantification of nitrifying and denitrifying microbial 

communities 

Soil samples for DNA extractions were taken after each fertilization event, during the 

period between fertilizations, and at the end of the experiment. Total DNA was extracted 

as described in Montoya et al. (2018). The size of nitrifying communities was estimated 

by qPCR of the amoA gene from AOB and AOA. Similarly, denitrifying communities 

were estimated by qPCR of the nirK, nirS, norB and nosZ genes. A more detailed 

description of the protocol is included in section 2.3. 

3.2.6 Statistical analysis 

Data analysis was performed using the Statgraphics Plus 5.1 program. Two-way 

ANOVAs were performed for mineral N, GHG emissions, yield-scaled N2O emissions, 

N surplus and the total abundance of targeted genes. Data distribution normality and 

variance uniformity were assessed previously by the Shapiro-Wilk test and Levene's 

statistic, respectively and were log10 transformed where necessary. Means were 

separated by an 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 GHG 
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fluxes and soil NH4
+-N, NO3

−-N, WFPS and temperature. Redundancy analyses (RDA) 

were performed to validate the relationship between response variables (total abundance 

of target genes) and explanatory variables (NH4
+-N, NO3

−-N, CO2, CH4 and N2O) (Lepš 

and Šmilauer, 2003). 

3.3 Experiment 3 – Influence of zinc-nitrogen co-fertilization on N2O emissions and 
microbial communities in an irrigated maize crop 

3.3.1 Experimental design and management 

Maize (Zea mays L.`SY Miami´) was sown at 9.5 plants m-2 on April 18th 2017. A total 

of 18 plots (12 m x 12 m) were arranged in a three-replicate split plot design with two N 

rates (i.e. control without N application, N0 and urea, U) as the main factor, and three Zn 

sources as the second factor (subplots) (i.e. control without Zn application, Zn0; Zn 

sulphate 35% Zn w/w, ZnSul and Zn applied with a mixture of chelating compounds 

DTPA-HEDTA-EDTA 7% Zn w/w, ZnCh). Both main plots and subplots were 

completely randomized within the split plot design.  In the same area, wheat crop was 

previously grown in the 2015-2016 campaign, although only a single N rate (120 kg N 

ha-1) was used and, no Zn fertilizers were added. 

Nitrogen fertilization was carried out at the V6 stage (Ritchie et al., 1982) with the 

addition of 200 kg N ha-1 as urea (provided by EuroChem Agro) applied to the soil 

surface. Foliar Zn fertilizers were sprayed by hand on two different occasions using a 

knapsack sprayer (foliar-soil application). Half of the total rate (5 kg Zn ha-1 for ZnSul, 

0.15 kg Zn ha-1 for ZnCh) was applied at the V6 stage and the other half at the VT stage. 

Consequently, the total application was 10 kg Zn ha-1 for ZnSul and 0.30 kg Zn ha-1 for 

ZnCh. During foliar application, some of the applied Zn falls onto the soil (foliar-soil 

application). An irrigation event (24 mm) was carried out the day after the fertilizer 

applications. A pre-emergence herbicide (a mixture of Spectrum®, 3 l ha-1; and Stomp® 

Aqua, 1.25 l ha-1; provided by BASF) treatment was only applied at seeding. 
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The maize crop was irrigated with a total of 660 mm in 36 irrigation events using a 

ranger irrigation system (length: 160.5 m, distance between sprinklers: 4m and total 

discharge: 68400 l h-1). Water application rates were estimated from the crop 

evapotranspiration (ETc) of the week before application (net water requirements). This 

was calculated daily as ETc = Kc × ETo, where ETo is the reference evapotranspiration 

calculated by the Food and Agriculture Organization of the United (FAO) Penman–

Monteith method using data from the meteorological station located in the experimental 

field. The crop coefficient (Kc) was obtained for the maize crop following the method of 

(Allen et al., 2004). 

3.3.2 GHG sampling, GWP and GHGI 

Gas samples were collected 2–3 times per week during the first month following 

fertilization. This is considered to be the most critical period for high gas emissions. After 

this period, the sampling frequency was decreased progressively (Table 3.3). The protocol 

for sampling and GHG analysis is included in section 2.1. The GWP of N2O and CH4 

emissions was calculated in units of CO2 equivalents over a 100-year time horizon. 

Greenhouse gas intensity (GHGI) was calculated by dividing GWP by grain yield (Shang 

et al., 2011). 

Table 3.3 GHG sampling dates for Experiment 3. 

Sampling dates before 
Zn fertilization 

Sampling dates after  
1st Zn fertilization 

Sampling dates after 
2nd Zn fertilization 

09/05/2017 15/06/2017 06/07/2017 
25/05/2017 17/06/2017 10/07/2017 
05/05/2017 19/06/2017 12/07/2017 

 21/06/2017 15/07/2017 
 23/06/2017 17/07/2017 
 26/06/2017 20/07/2017 
 28/06/2017 26/07/2017 
 30/06/2017 09/08/2017 
 04/07/2017 22/08/2017 
  26/09/2017 
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3.3.3 Soil and crop sampling and analyses 

Soil samples were collected during the growing season on the same dates as nearly 

all of the gas-samples, especially after each fertilization event, as is described in section 

2.2 (see Table 3.3). Soil NH4
+ and NO3

− concentrations and WFPS were determined in 

these soil samples (see section 2.2).  

The soil concentrations of micronutrients (Zn and Cu) available for plants were 

determined using the DTPA-TEA method (see section 2.2) on four different dates: before 

fertilization (05/24/2017), after both fertilization events (06/23/2017 and 07/26/2017) and 

at harvest (09/26/2017), in order to determine the possible effects on nitrifier and 

denitrifier populations.  

3.3.4 Yield and plant N and Zn contents 

When the maize was harvested (September 20th), two central rows (a total of 10 m) in 

each plot were collected and weighed in the field. The plants of each row were air-dried 

and two different fractions of plants were obtained, grain and stover. These fractions were 

then grinded and sieved at 2 mm to determine the total N (by TruMac CN Leco elemental 

analyser) and Zn contents in each fraction as described in section 2.2.  

3.3.5 DNA extraction and quantification of nitrifying and denitrifying microbial 

communities 

Soil samples for DNA extractions were taken on three different dates related to the 

N2O fluxes [before peak (06/19/2017), after peak (07/04/2017) and at the end of the field 

experiment (07/17/2017)]. Total DNA was extracted as described in Montoya et al. 

(2018). The sizes of nitrifying communities were estimated by qPCR of the amoA gene 

from AOB and AOA. Similarly, denitrifying communities were estimated by qPCR of 

the nirK, norB and nosZ genes. A more detailed description of protocol is included in 

section 2.3. 
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3.3.6 Statistical analysis 

Two-way ANOVAs were performed with Statgraphics Centurion XVII for soil NH4
+ and 

NO3
- concentrations, N2O, CH4 and CO2 emissions, GWP, yield-scaled N2O emissions, 

GHGI, total Zn and N contents in grain and stover, total Zn and Cu-DTPA in soil and the 

total gene abundance. Normality and variance uniformity were previously tested as 

explained in Guardia et al. (2018), and log10 transformation or a non-parametric test 

(Kruskal-Wallis) were used where necessary. Means were separated by LSD test at P < 

0.05. 

3.4 Experiment 4 – Effect of urease and nitrification inhibitors on GHG emissions and 
N-cycling genes in a rape crop 

3.4.1 Experimental design and management 

The field was sown on 6th October with rape (Brassica napus L. var. `PT256´) at 

640000 seeds ha-1. A randomized complete block design with four replicates was 

established, with each plot covering an area of 64 m2 (8 m × 8 m) (Fig. 3.5). Fertilizer 

application 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 + N-(n-butyl) 

thiophosphorictriamide (NBPT), UI; 3) Urea + NBPT + (3,4-dimethyl-1H-pyrazol-1-yl) 

succinic acid isomeric mixture (DMPSA), U+DI; 4) Calcium Ammonium Nitrate, CAN; 

5) CAN + DMPSA, CAN+NI; 6) Control with no N fertilization, C. All treatments were 

applied to the soil surface in granular form by hand. The fertilizers were prepared by 

EuroChem Agro GmbH in Germany a few months before application. The percentage of 

DMPSA in the fertilizers was 0.8% of NH4
+-N, while the urease inhibitor NBPT was 

0.13% of the NH4
+-N. During the preparation of the double inhibitor with urea, no contact 

was allowed between NBPT and DMPSA in the granules in order to avoid possible 

reactions between them. The N treatments were applied at top-dressing (27th February). 

Phosphorus (Olsen method) and K concentrations were analyzed before the beginning of 
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the experiment and therefore. Based on these analyses, 75 kg ha-1 of each (P2O5 and K2O) 

were applied. 

Figure 3.5. Experimental design: Six treatments with four replicates per treatment: 1) Urea (U), 
2) Urea + NBPT (UI), 3) Urea + NBPT + DMPSA (U+DI), 4) Calcium Ammonium Nitrate 
(CAN), 5) CAN + DMPSA (CAN+NI), 6) Control with no N fertilization (C). Chambers are 
represented by brown circles. The drawing is not to scale. 

3.4.2 GHG sampling, GWP, and GHGI 

During the first 45 days following fertilization, gas and soil samples were taken 2-3 

times per week. This period is considered to be the most critical period for high gas 

emissions. After this period, the sampling frequency was decreased progressively, 

increasing after rainfall events (Table 3.4). The protocol for GHG sampling analysis is 

included in section 2.3. The GWP of N2O and CH4 emissions was calculated in units of 

CO2 eqivalents (CO2eq) over a 100-year time horizon. The GHGI was calculated dividing 

GWP by grain yield (Shang et al., 2011). 
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Figure 3.6. GHG sampling dates for Experiment 4.  

Sampling dates before 
fertilization 

Sampling dates  
after fertilization 

15/02/2018 28/02/2018 
 02/03/2018 
 05/03/2018 
 07/03/2018 
 09/03/2018 
 12/03/2018 
 15/03/2018 
 19/03/2018 
 22/03/2018 
 27/03/2018 
 02/04/2018 
 06/04/2018 
 11/04/2018 
 19/04/2018 
 04/05/2018 
 17/05/2018 
 24/05/2018 
 07/06/2018 
 15/06/2018 
 21/06/2018 

3.4.3 Soil and crop sampling and analyses 

Soil samples were collected during the growing season on nearly all the same dates 

as the gas-samples, especially after each fertilization event, as is described in section 2.2 

(see Table 3.4). Soil NH4
+ and NO3

− concentrations and WFPS were determined in these 

soil samples (see section 2.2).  

3.4.4 Yield, plant N and oil contents 

The rape was harvested on 4th July and two central rows (a total of 10 m) in each plot 

were collected and weighed in the field. In addition, five plants per plot were taken for 

laboratory analyses. These plants were air-dried and two different fractions of plants were 

obtained, grain and straw. These fractions were then grinded and sieved at 2 mm to 
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determine the total N content (by TruMac CN Leco elemental analyser) as described in 

section 2.2.  

The oil content was determined by gravimetric determination of the hexane extract 

after weighing 5g of oilseeds. Samples were placed in a cellulose extraction cartridge and 

covered with cotton wool. 200 mL of the n-hexane extract were then added to a distillation 

flask, which was previously dried, cooled in a desiccator and weighed. The oil content 

was extracted using a Soxhelt extractor for 6 h. After extraction, the solvent was removed 

using a rotary evaporator. The remaining solvent residues in the extract were removed by 

introducing the flask in an oven at 100ºC for 30 minutes, cooling in a desiccator and then 

weighed. This method was adapted from the protocol described in the International 

Organization for Standardization (ISO 659, 1988). 

The percentage oil content in the dry oilseed was determined by the formula: 

𝑂𝑂𝑂𝑂𝑂𝑂 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (%) =  (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐸𝐸𝐸𝐸𝑤𝑤𝐸𝐸𝐹𝐹𝐸𝐸𝑤𝑤 𝑊𝑊𝑊𝑊𝑤𝑤𝑊𝑊ℎ𝑤𝑤−𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑊𝑊𝑊𝑊𝑤𝑤𝑊𝑊ℎ𝑤𝑤)𝐸𝐸 100
𝑆𝑆𝐹𝐹𝑆𝑆𝑆𝑆𝐹𝐹𝑊𝑊 𝑊𝑊𝑊𝑊𝑤𝑤𝑊𝑊ℎ𝑤𝑤

  (3) 

3.4.5 DNA extraction and quantification of nitrifying and denitrifying microbial 

communities 

Soil samples for DNA extractions were taken on two different dates related to the N2O 

fluxes (23 and 38 days after fertilization, DAF). Total DNA was extracted as described 

in Corrochano-Monsalve et al. (2019). The sizes of the nitrifying communities were 

estimated by qPCR of the amoA gene from AOB. Similarly, denitrifying communities 

were estimated by qPCR of the nirK and nosZ genes. A more detailed description of 

protocol is included in section 2.3. 

3.4.6 Statistical analysis 

Data analysis was performed by using the Statgraphics Centurion XVII program. 

Analyses of variance were performed for almost all variables (except for climatic 

variables). Data distribution normality and variance uniformity were previously assessed 
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by Shapiro-Wilk test and Levene´s statistic, respectively, and transformed (log10, root-

square, arcsin or inverse) before analysis where 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, CH4-C, WFPS 

and soil temperature. 
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1. Experiment 1 – Zinc-Nitrogen interaction effect on wheat biofortification and 
nutrient use efficiency 

This section reports the results of this experiment, previously published in the Journal of 

Plant Nutrition and Soil Science (ISSN: 1436-8730; JIF (2018) = 2.057). 

1.1 Yields at harvest  

All Zn sources numerically increased grain yields, but these increases were only 

significant for the organic sources (Table 4.1). The application of 120 kg N ha-1, which is 

the recommended N rate (N120 treatments) for the region, increased grain yield by 13% 

with respect to the N0 treatment. By contrast, increasing the N rate to 180 kg N ha-1 

(N120+60 treatments) did not improve the wheat yield in comparison with the N0 

treatment. The number of grains per spike, increased in the following order: N0 < 

N120+60 < N120 (P < 0.05), and an enhancement of the number of tillers per plant was 

also observed in the N120 and N120+60 treatments, in comparison with N0, for almost 

all the Zn treatments (including Zn0), except ZnAA (see Table 4.1). Grain yield had a 

significant and positive correlation with the number of grains per spike (P < 0.001, r = 

24%) and the number of tillers per plant (P < 0.001, r = 39%). 

The Zn-N interaction effect was significant for straw and leaf yields (Table 4.1), with 

the highest values obtained for the combination of the natural organic Zn sources with the 

N120 treatment. This interaction did not affect stem yield (see Table 4.1), although this 

property was strongly dependent on N fertilization. In addition, the natural organic Zn 

treatments produced a significant increase in stem yield compared with the Zn0 and ZnSul 

treatments (see Table 4.1).  
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Table 4.1. Grain, stem, leaf and straw yield and yield attributes of wheat (1000-grain weight, 
number of tillers plant-1, number of grains spike-1) for the different Zn sources (control without 
Zn, Zn0; Zn-sulphate, ZnSul; Zn-lignosulphonate, ZnLS; Zn-aminoacids, ZnAA; Zn-gluconate, 
ZnGluc) and three N application rates (0 kg N ha−1, N0; 120 kg N ha−1, N120; 180 kg N ha−1, 
N120+60). 

Different letters within columns indicate significant differences by applying the LSD test at P < 0.05. 
Standard error (SE) is given for each effect. *, ** and *** denote significant at P < 0.05, P < 0.01 and P < 
0.001, respectively. “NS” denotes not significant. Different capital letters in the interaction indicate 
significant differences between N rates within a Zn treatment, whereas different lowercase letters indicate 
significant differences between Zn treatments within the same N rate, by applying the LSD test at P<0.05. 

 

Effect Grain 
Yield 

Stem 
Yield 

Leaf Yield 
Straw 
Yield 

1000-
grain 

weight  

Number 
of Tillers 

Plant-1 

Number 
of Grains 
Spike-1 

(kg ha-1) (kg ha-1) (kg ha-1) (kg ha-1) (g)   
Interaction 
Zinc × Nitrogen 

NS NS * ** * * NS 

N0Zn0 2372 2692 1515  Aa 4207 Aa 35.51 Ba 3.90 Ba 34.55 

N120Zn0 3151 4377 3183 Bb 7560 Bc 29.87 Ab 5.90 Ca 38.15 

N120+60Zn0 2849 4343 3204 Bb 7547 Bc 27.30 Aa 5.67 Cc 37.60 

N0ZnSul 2807 3177 1710  Aa 4887 Aa 43.50 Bb 4.47 Bab 35.53 

N120ZnSul 3230 4356 3262 Bb 7618 Bc 30.10 Ab 7.03 Cab 41.88 

N120+60ZnSul 2857 4315 3348 Bb 7664 Bc 28.89 Aab 5.87 Cc 36.80 

N0ZnLS 2825 3611 2214 Ab 5825 Ab 38.57 Ba 4.40 Aab 36.18 

N120ZnLS 3321 4822 3494  Bb 8316 Bc 30.42 Ab 8.77 Cc 37.68 

N120+60ZnLS 2995 4570 3408 Bb 7978 Bc 31.76 Ab 6.28 Bc 37.48 

N0ZnAA 3245 3990 2396 Ab 6386 Abc 35.80 Ba 5.57 Cbc 36.55 

N120ZnAA 3334 4716 3502 Bb 8218 Bc 31.11 Ab 6.83 Cab 38.83 

N120+60ZnAA 3107 4600 3243  Bb 7842 Bc 31.42 Ab 6.30 Cc 38.13 

N0ZnGluc 3252 4055 2638 Ab 6693 Ac 36.15 Ba 6.08 Bc 36.60 

N120ZnGluc 3330 4716 3624 Bb 8340 Bc 29.89 Ab 7.97 Cbc 37.73 

N120+60ZnGluc 3100 4548 3232 Bb 7780 Bc 27.51 Aa 5.35 Bc 37.58 
S.E. 119.55 194.91 163.66 297.26 1.31 0.47 0.99 

Nitrogen *** *** *** *** *** *** *** 
N0 2900 a 3505 a 2094 a 5600 a 37.91 b 4.88 a 35.88 a 

N120 3273 b 4598 b 3413 b 8011 b 30.28 a 7.30 c 38.85 c 
N120+60 2982 a 4475 b 3287 b 7762 b 29.38 a 5.89 b 37.52 b 

S.E. 53.46 87.17 73.19 132.94 0.59 0.21 0.44 
Zinc *** *** ** *** * ** NS 

Zn0 2791 a 3804 a 2633 a 6438 a 30.89 a 5.16 a 36.77 
ZnSul 2965 bc 3950 a 2773 bc 6723 a 34.16 b 5.79 ab 38.07 
ZnLS 3047 ab 4334 b 3038 ab 7373 b 33.58 b 6.48 b 37.11 

ZnAA 3229 c 4435 b 3046 c 7482 b 32.78 ab 6.23 b 37.83 
ZnGluc 3227 c 4440 b 3164 c 7605 b 31.19 a 6.46 b 37.30 

S.E. 69.02 112.53 94.50 171.62 0.76 0.27 0.57 
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1.2 Zn and N concentration in grain  

The increase in grain Zn concentration in comparison with N0Zn0 was very dependent 

on the Zn-N interaction, ranging from 5.8 mg Zn kg-1 (for the N0ZnGluc treatment) to 

28.6 mg Zn kg-1 (for the N120ZnSul treatment) (Table 4.2). For the natural organic Zn 

sources,  a numerically greater increase in the Zn concentration was observed with N 

fertilization (N0 < N120 < N120+60), with the highest Zn concentration observed for the 

N120+60ZnGluc treatment (49.8 mg Zn kg-1 grain). For the inorganic Zn source, the 

N120ZnSul treatment gave the highest Zn concentration (63 mg Zn kg-1 grain). The grain 

Zn concentration generally increased (P < 0.05) in the Zn-fertilized treatments. This effect 

was significant for all N0 treatments but not for all the N120 and N120+60 treatments. 

Regarding grain N concentrations, the addition of N or Zn fertilizers had a positive 

effect. Grain N concentration increased in the order N0 < N120 < N120+60. Significant 

increments in grain N concentration in Zn-fertilized plots with respect to N0Zn0 were 

only observed for N0ZnAA and N0ZnGluc. Total Zn concentration in grain was 

positively correlated to total N concentration (P < 0.001, r = 30%). 
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Table 4.2. Total Zn, N and Fe concentrations in grain for the different Zn sources (control without 
Zn, Zn0; Zn-sulphate, ZnSul; Zn-lignosulphonate, ZnLS; Zn-aminoacids, ZnAA; Zn-gluconate, 
ZnGluc) and three N application rates (0 kg N ha−1; N0, 120 kg N ha−1, N120; 180 kg N ha−1, 
N120+60). 

Different letters within columns indicate significant differences by applying the LSD test at P < 0.05. 
Standard error (SE) is given for each effect. *, ** and *** denote significant at P < 0.05, P < 0.01 and P < 
0.001, respectively. “NS” denotes not significant. Different capital letters in the interaction indicate 
significant differences between N rates within a Zn treatment, whereas different lowercase letters indicate 
significant differences between Zn treatments within the same N rate, by applying the LSD test at P<0.05. 

 

Effect 
Total Zn Conc. Grain 

 
Total N Conc. Grain Total Fe Conc. Grain 

 
(mg kg-1) (%) (mg kg-1) 

Interaction  
Zinc × Nitrogen ** * ** 

N0Zn0 34.40 Ab 1.90 Aa 30.34 Ab 

N120Zn0 38.81 Ba 2.73 Bb 32.70 BCc 

N120+60Zn0 45.23 Bb 2.94 Bb 33.15 Bc 

N0ZnSul 41.27 Ac 1.97 Aa 29.24 Ab  

N120ZnSul 63.06 Bc 2.96 Bb 34.5 Bc 

N120+60ZnSul 58.96  Bc 3.03 Bb 34.83 Bc 

N0ZnLS 40.80  Bc 1.96 Aa 29.25 Aa 

N120ZnLS 43.25 Bab 2.98 Bb 32.36 BCb 

N120+60ZnLS 44.40 Bb 3.11 Bb 35.09 Bc 

N0ZnAA 41.37 Ac 2.34 Ab 33.28 Bc 

N120ZnAA 43.31 BCab 2.84 Bb 32.02 Ac 

N120+60ZnAA 47.62 Bb 2.97 Bb 33.79 Bc 

N0ZnGlu 40.24 Ac 2.44 Ab 30.98  Ab 

N120ZnGluc 46.70 Bb 2.90 Bb 31.63 Ab 

N120+60ZnGluc 49.81 Bb 3.06 Bb 34.88 Bc 

S.E. 1.87 0.09 0.76 

Nitrogen *** *** *** 

N0 39.62 a 2.12 a 30.62 a 
N120 47.03 b 2.88 b 32.64 b 

N120+60 49.20 c 3.02 c 34.35 c 
S.E. 0.84 0.04 0.34 

Zinc *** * NS 

Zn0 39.48 a 2.53 a 32.06 
ZnSul 54.43 c 2.66 ab 32.86 
ZnLS 42.82 b 2.68 b 32.23 

ZnAA 44.1 b 2.71 b 33.03 
ZnGluc 45.58 b 2.79 b 32.50 

S.E. 1.08 0.05 0.44 
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The micronutrient (Cu, Mn and Fe) grain concentrations ranged from 5 to 7 mg Cu kg-

1, 25 to 31 mg Mn kg-1 and 30 to 35 mg Fe kg-1. For the grain Cu concentration there were 

no significant differences between treatments, whereas both N application rates were 

associated with decreases in grain Mn concentrations in comparison with the N 

unfertilized treatment (data not shown). The Zn-N interaction had a significant effect on 

the grain Fe concentration (Table 4.2), with the highest values being associated with the 

combination of N120+60 and Zn fertilizers (independent of the Zn source). 

1.3 Zn and N in vegetal tissues 

The application of Zn fertilizers enhanced the concentration of both total and soluble 

Zn in leaves, although the ZnSul treatment gave significantly higher concentrations than 

the other Zn treatments, regardless of the date and N application rate (Table 4.3). Soluble 

Zn was positively correlated with total Zn in leaves after anthesis (P < 0.001, r = 44%) 

and total grain Zn concentration (P < 0.001, r = 53%). Both natural organic and inorganic 

Zn sources also increased the total Zn concentration in the stems, by 2 to 10 mg Zn kg-1 

(in comparison with the Zn0 treatment). The use of N fertilization also enhanced the total 

stem Zn concentration, but no differences between N rates (N120 and N120+60) or 

significant Zn-N interaction effects were observed (Table 4.3). 

Total protein concentration in leaves was reduced by 73% on average at harvest 

compared with after anthesis. Total protein in leaves after anthesis had a significant 

positive correlation with total grain N concentration (P < 0.001, r = 42%). 
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Table 4.3. Soluble Zn, total Zn and protein in several parts of the wheat plants for the different 
Zn sources (control without Zn, Zn0; Zn-sulphate, ZnSul; Zn-lignosulphonate, ZnLS; Zn-
aminoacids, ZnAA; Zn-gluconate, ZnGluc) and three N application rates (0 kg N ha−1, N0; 120 
kg N ha−1, N120; 180 kg N ha−1, N120+60). 

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. *, ** and *** denote significant at P < 0.05, P < 0.01 and P 
< 0.001, respectively. “NS” denotes not significant. Different capital letters in the interaction indicate 
significant differences between Nitrogen rates within a Zinc treatment, whereas different lowercase letters 
indicate significant differences between Zinc treatments within a Nitrogen rates, by applying the LSD test 
at P<0.05. DM dry matter 

 

Effect 

Total Zn 
Conc. DM 
Stem 

Total Zn 
Conc. DM 
Leaves after 
anthesis 

Total Zn 
Conc. DM 
Leaves 
after 
harvest 

Soluble Zn 
Conc. DM 
Leaves after 
anthesis 

Total 
Protein 
Conc. DM 
Stem 

Total Prot 
Conc. DM 
Leaves 
after 
anthesis 

Total Prot 
Conc. DM 
Leaves 
after 
harvest 

(mg kg-1) (mg kg-1) (mg kg-1) (mg kg-1) (%) (%) (%) 

Interaction 
Zinc × Nitrogen NS * * NS NS *** ** 

N0Zn0 4.80 11.53 Aa 7.70 Aa 11.36 2.23 21.31 Ba 3.80 Ba 

N120Zn0 5.51 18.24 Bb 10.15 Aa 16.55 4.54 27.45 Cbc 6.69 Ca 

N120+60Zn0 8.79 17.17 Bb 14.38 Bb 15.41 6.09 29.26 Cc 8.05 Cab 

N0ZnSul 7.09 26.78 Ac 65.12 Bc 16.77 2.30 21.15 Aa 3.98 Ba 

N120ZnSul 19.70 37.02 Bc 89.33 Bc 29.76 5.49 25.22 Ba 8.47 Cb 

N120+60ZnSul 22.71 27.46 BCc 60.50 Bc 25.98 6.78 28.95 Cbc 9.03 Cab 

N0ZnLS 6.15 12.59 Aa 13.74 Bb 18.99 3.14 23.82 Bb 4.48 Aa 

N120ZnLS 9.86 17.55 Bb 13.99 Bb 16.65 5.55 29.43 Cc 9.40 Cb 

N120+60ZnLS 9.55 16.26 BCb 15.78 Bb 16.50 5.34 28.80 Cbc 7.42 Ba 

N0ZnAA 7.00 15.26 Bab 14.69 Bb 15.60 3.75 27.30 Cb 7.21 Cb 

N120ZnAA 10.35 16.34 Bb 14.44 Bb 19.39 5.06 26.65 Cab 8.25 Cab 

N120+60ZnAA 10.15 19.17 Bb 15.32 Bb 17.81 5.88 26.91 Cb 7.24 Ca 

N0ZnGlu 6.15 19.76 Bb 13.99 Bb 15.68 3.91 21.75 Bab 6.22 Bb 

N120ZnGluc 12.32 17.47 Bb 16.86 Bb 19.18 6.27 28.91 Cc 8.95 Cb 

N120+60ZnGluc 10.50 17.56 Bb 16.58 Bb 15.85 6.97 28.98 Cbc 9.18 Cb 

S.E. 1.54 2.14 6.91 2.41 0.54 0.75 0.59 
Nitrogen *** ** ** *** *** *** *** 

N0 6.23 a 17.18 a 23.05 b 15.68 a 3.07 a 23.07 a 5.14 a 
N120 11.55 b 21.32 b 28.96 a 20.31 b 5.38 b 27.54 b 8.35 b 

N120+60 12.33 b 19.54 b 24.51 a 18.31 b 6.21 c 28.58 c 8.19 b 
S.E. 0.69 0.96 3.09 1.08 0.24 0.34 0.27 

Zinc *** *** *** *** * ** ** 

Zn0 6.37 a 15.64 a 10.74 c 14.44 a 4.29 a 26.01 ab 6.18 a 
ZnSul 16.50 c 30.42 c 71.65 a 24.17 c 4.86 ab 25.11 a 7.16 a-c 
ZnLS 8.52 b 15.47 a 14.50 b 17.38 b 4.68 a 27.35 c 7.10 ab 

ZnAA 9.15 b 16.93 ab 14.82 b 17.60 b 4.90 ab 26.95 bc 7.57 bc 
ZnGluc 9.64 b 18.29 b 15.81 b 16.90 b 5.72 b 26.55 bc 8.12 c 

S.E. 0.89 1.24 3.99 1.39 0.31 0.43 0.34 
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1.4 Indicators of plant nutrition 

Plant pigment content (chlorophyll and carotenoids), in leaves are presented in Table 

4.4. Grain yield and grain N content were positively correlated with chlorophyll a (P < 

0.01, r = 13% and P < 0.001, r = 49%, respectively). Regardless of the Zn source, Zn 

fertilization increased all of these parameters, with higher values obtained for the natural 

organic sources than for the inorganic source. 

Table 4.4. Chlorophyll and carotenoid contents for the different Zn sources (control without Zn, 
Zn0; Zn-sulphate, ZnSul; Zn-lignosulphonate, ZnLS; Zn-aminoacids, ZnAA; Zn-gluconate, 
ZnGluc) and three N application rates (0 kg N ha−1, N0; 120 kg N ha−1, N120; 180 kg N ha−1, 
N120+60) in wheat after anthesis (Z69). 

Effect 
Chlorophyll a Chlorophyll b Chlorophyll Total Carotenoids 
(mg g-1 FM) (mg g-1 FM) (mg g-1 FM) (mg g-1 FM) 

Interaction 
Zinc x Nitrogen NS NS * *** 

N0Zn0 1.30 0.58 1.92 Bab 0.30 Aab 
N120Zn0 1.57 0.51 2.15 BCb 0.34 Ba 

N120+60Zn0 1.73 0.60 2.38 Cc 0.34 ABb 
N0ZnSul 1.42 0.53 1.76 Aa 0.29 Aa 

N120ZnSul 1.55 0.58 2.13 Bb 0.36 Aab 
N120+60ZnSul 1.73 0.71 2.60 Cc 0.46 Bc 

N0ZnLS 1.45 0.64 2.10 Bbc 0.33 Abc 
N120ZnLS 1.84 0.73 2.57 Cc 0.44 Bc 

N120+60ZnLS 1.73 0.63 2.36 BCc 0.44 Bc 
N0ZnAA 1.50 0.63 2.13 Bbc 0.33 Abc 

N120ZnAA 1.85 0.75 2.65 Cc 0.42 Bc 
N120+60ZnAA 1.79 0.79 2.57 Cc 0.32 Ab 

N0ZnGlu 1.54 0.65 2.25 Cc 0.34 Ac 
N120ZnGluc 1.78 0.66 2.41 Cbc 0.40 Bbc 

N120+60ZnGluc 1.70 0.71 2.38 Cc 0.36 ABb 
S.E. 0.06 0.04 0.11 0.02 

Nitrogen *** ** *** *** 
N0 1.44 a 0.60 a 2.03 a 0.32 a 

N120 1.72 b 0.65 ab 2.38 b 0.39 b 
N120+60 1.74 b 0.69 b 2.46 b 0.38 b 

S.E. 0.03 0.02 0.05 0.01 
Zinc ** *** ** *** 

Zn0 1.53 a 0.56 a 2.15 a 0.33 a 
ZnSul 1.55 a 0.61 a 2.16 a 0.37 b 
ZnLS 1.68 b 0.67 b 2.34 b 0.40 c 

ZnAA 1.71 b 0.72 b 2.45 b 0.36 ab 
ZnGluc 1.67 b 0.67 b 2.34 b 0.37 b 

S.E. 0.04 0.02 0.06 0.01 
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Different letters within columns indicate significant differences by applying the LSD test at P < 0.05. 
Standard error (SE) is given for each effect. *, ** and *** denote significant at P < 0.05, P < 0.01 and P < 
0.001, respectively. “NS” denotes not significant. Different capital letters in the interaction indicate 
significant differences between N rates within a Zn treatment, whereas different lowercase letters indicate 
significant differences between Zn treatments within the same N rate, by applying the LSD test at P<0.05. 
FM fresh matter 

1.5 Zn and N in roots 

The Zn concentration in roots (Fig. 4.1a) was enhanced by a factor of 1.02-3.06 in the 

Zn-fertilized treatments in comparison with the Zn0 treatment, with small differences 

between different Zn sources. There was, however, a significant increase with the ZnSul 

treatment, for both sampling periods. This suggests that a large part of the Zn applied was 

finally released to the soil. The N120ZnSul treatment gave the highest root Zn 

concentration values. 

Zn fertilization generally increased the N root concentration with respect to Zn0 (Fig. 

4.1b). For the different N application rates, root N content of N120 were significantly 

higher than those of N0, particularly for the first fertilization, but no significant 

differences were observed with respect to the N120+60 treatments. 
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Figure 4.1. The root Zn (a) and N (b) concentrations of wheat during the sampling period for the 
different Zn sources (control without Zn, Zn0; Zn-sulphate, ZnSul; Zn-lignosulphonate, ZnLS; 
Zn-aminoacids, ZnAA; Zn-gluconate, ZnGluc) and three N application rates (0 kg N ha−1, N0; 
120 kg N ha−1, N120; 180 kg N ha−1, N120+60). Statistical differences in the Zn-N interaction 
effect within each sampling period (1st fertilization and harvest) at P ≤ 0.05 (LSD test) are 
presented by the letter above each bar. Different capital letters indicate significant differences 
between N rates within a Zn treatment, whereas different lowercase letters indicate significant 
differences between Zn treatments within the same N rate. The vertical line for each data point 
represents the standard deviation from the mean of each treatment. 

1.6 Total Zn and N uptake 

The use of Zn fertilizers (both inorganic and natural organic sources) significantly 

increased Zn uptake in the whole plant (grain, stem and leaf) (Fig. 4.2). In addition, N 

application improved total Zn uptake even in the treatment without Zn supply.  

Total N uptake increased significantly throughout the whole plant in the N-fertilized 

treatments in comparison with the N0 treatments. Even so, no significant differences were 
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observed between the two N application rates. The application of an organic source of Zn 

effectively increased N uptake in non-N fertilized soils (in N0ZnAA and N0ZnGluc, N 

uptake was 127.2 kg N ha-1 and 132.7 kg N ha-1, respectively), reaching similar values to 

those obtained by N120 treatment with no Zn addition (152.6 kg N ha-1). 

 

Figure 4.2. The total Zn (a) and N (b) uptake for different parts of the wheat plants (grain, stem 
and leaves) for the different Zn sources (control without Zn, Zn0; Zn-sulphate, ZnSul; Zn-
lignosulphonate, ZnLS; Zn-aminoacids, ZnAA; Zn-gluconate, ZnGluc) and three N application 
rates (0 kg N ha−1, N0; 120 kg N ha−1, N120; 180 kg N ha−1, N120+60). With regards to the Zn-
N interaction effect, statistical differences at P ≤ 0.05 (LSD test) between N rates within a Zn 
treatment are presented by the letters above each bar. Different capital letters indicate significant 
differences, whereas different lowercase letters indicate significant differences between Zn 
treatments within the same N rate. Normal type letters are used for each part of the plant and bold 
type letters for the whole plant. Non-significant differences are presented without letters. The 
vertical line for each data point represents the standard deviation from the mean of each treatment 
for the whole plant. 
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1.7 Zn and N utilization efficiency 

Regardless of the Zn source, the N120 treatments produced the highest total Zn and N 

utilization efficiencies (Fig. 4.3). By contrast, the highest N rate decreased both Zn and 

N utilization efficiency for all Zn sources. The most efficient treatments with regards to 

Zn utilization (Fig. 4.3a) were the combination of N120 and the natural organic Zn 

fertilizers. The Zn-N treatments had a NUE greater than 40%, except the N120+60ZnAA 

and N120+60ZnGluc treatments (Fig. 4.3b). 

 

Figure 4.3. Total Zn (a) and N (b) utilization efficiencies for different parts of wheat (grain, stem 
and leaves) during the sampling period for the different Zn sources (control without Zn, Zn0; Zn-
sulphate, ZnSul; Zn-lignosulphonate, ZnLS; Zn-aminoacids, ZnAA; Zn-gluconate, ZnGluc) and 
three N application rates (0 kg N ha−1, N0, 120 kg N ha−1, N120, 180 kg N ha−1, N120+60). 
Statistical differences at P ≤ 0.05 (LSD test) are presented by different lowercase letters for each 
plant part and different capital letters for the whole plant. Non-significant differences are 
presented without letters. The vertical line in each column represents the standard deviation from 
the mean of each treatment for the whole plant. 
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1.8 Zn availability in the soil 

Zinc fertilizers were applied by the foliar-soil method and so a high proportion of the 

sprayed fertilizer was deposited in the soil, especially for the first fertilization when there 

was less canopy. The Zn fertilizers, independently of the Zn source and the N application 

rates, numerically increased Zn availability in the soil above the Zn deficiency threshold 

(≤1 mg Zn kg-1 soil) (Fig. 4.4). The Zn availability in the soil was affected by the N rate 

in the case of the inorganic fertilizer (in the first fertilization), but not when natural 

organic Zn sources were used. The ZnSul treatment produced the highest Zn availability 

regardless of the N application (P < 0.05).  

Total Zn-DTPA in the soil after the first fertilization and at harvest was positively 

correlated with total Zn uptake (P < 0.001, r = 69% and P < 0.001, r = 58%, respectively) 

and total grain Zn concentration (P < 0.001, r = 46 and P < 0.001, r = 37%, respectively). 

 

Figure 4.4. Wheat Zn status in the soil during the sampling period for the different Zn sources 
applied as foliar-soil fertilization (control without Zn, Zn0; Zn-sulphate, ZnSul; Zn-
lignosulphonate, ZnLS; Zn-aminoacids, ZnAA; Zn-gluconate, ZnGluc) and three N application 
rates (0 kg N ha−1, N0; 120 kg N ha−1, N120; 180 kg N ha−1, N120+60). Statistical differences in 
the Zn-N interaction effect within each sampling period (1st fertilization and harvest) at P ≤ 0.05 
(LSD test) are presented by the letters above each bar. Different capital letters indicate significant 
differences between N rates within a Zn treatment, whereas different lowercase letters indicate 
significant differences between Zn treatments within the same N rate. The vertical line in each 
column represents the standard deviation from the mean. 
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1.9 Discussion 

1.9.1 Effect of Zn and N co-fertilization on plant yield and quality 

These results demonstrate that the foliar-soil application of Zn fertilizers could be an 

effective strategy to increase grain Zn concentrations, without penalizing other 

micronutrients (Cu, Mn or Fe). However, the efficiency of Zn biofortification was highly 

dependent on the Zn source and N rate applied.  For the cv Ingenio wheat variety, under 

our experimental conditions, all Zn sources maintained the grain Zn concentration within 

the target of 40-60 mg Zn kg-1, considered adequate to meet the Zn requirement for 

humans (Gawalko et al., 2002). Co-fertilization with N also increased the Zn 

concentration in each part of the plant (grain, stem and leaf). This positive effect of Zn 

and N fertilization on Zn biofortification that was observed for most of the Zn treatments 

has also been described in several previous experiments using ZnSO4 (ZnSul) (e.g. 

Gonzalez et al., 2019; Kutman et al., 2010; Xue et al., 2012). These authors suggested 

that grain proteins act as Zn sinks, which could explain this synergistic effect. Indeed, we 

observed a positive correlation between the total N and Zn concentrations in the grain 

(see section 1.2). The accumulation of Zn in the grain can occur via three physiological 

steps: root uptake, root-to-shoot translocation and the remobilization of Zn (Erenoglu et 

al., 2011). Consequently, the Zn distribution is constantly changing inside the plant, from 

the moment of Zn fertilization through to harvest. According to Cakmak et al., (2010), 

Zn remobilization from vegetative tissues to the grains seems to be an important 

mechanism for enhancing grain Zn concentration. Waters et al. (2009) and Marschner 

(2012) reported that 70% of the Zn reserves in the vegetative tissues of wheat were 

remobilized and that this was particularly evident during the leaf senescence and grain 

filling stages (Xue et al., 2012). In our study, this effect was not clearly observed and the 

total Zn concentration in leaves after anthesis was similar to that at harvest. Concurrent 
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Zn uptake during grain-filling has also been proposed as an important source of Zn in 

grain (Waters and Grusak, 2008). Garnett and Graham (2005) found that most of the Zn 

allocated to wheat grain was the result of Zn entering shoots after anthesis. In that case, 

Zn translocation occurred via phloem and through the metal-binding proteins of the sap 

(Page et al., 2006; Page and Feller, 2005). We consider that this could also have been a 

plausible source of Zn in our experiment.  

The inorganic source (ZnSul), which was applied at the recommended rate of 10 kg 

Zn ha-1, produced higher stem and leaf Zn concentrations, both after anthesis and after 

harvest, in comparison with natural organic Zn sources (applied at a commercially 

recommended rate of 0.36 kg Zn ha−1) (see section 1.3). The high Zn rate used for the 

inorganic treatment explains these higher Zn concentrations in these organs. The higher 

Zn concentration in the grain may be also explained by the higher Zn concentrations in 

vegetal tissues, and particularly, in the soil after anthesis. 

Zinc concentrations in grain for the N120+60 treatments only surpassed those of the 

N120 treatments when no Zn was applied (Table 4.2). N120 was therefore considered the 

best option for reducing economic and environmental costs. Our results (i.e. similar Zn 

biofortification rates for N120 and N120+60) concurred with those of Wang et al. (2018), 

who reported that increasing N fertilization had no negative consequences for Zn 

enrichment in grain. On the contrary, XinChun et al. (2010) and Zhao et al. (2016) 

observed that treatments with the application of Zn and high dose of N often produced a 

secondary “dilution” effect (i.e. a reduction in the Zn concentration in grain associated 

with high N doses). However, this dilution effect for grain Zn may only occur under 

different climatic conditions, e.g., higher-yielding wheat and higher N uptake.  

In our study, the use of natural organic Zn fertilizers enhanced the chlorophyll a 

content more than the inorganic Zn fertilizer. The latter affected photosynthesis and also 
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resulted in higher biomass and grain yields (Alloway, 2008; Rehman et al., 2019) (see 

Table 4.4 and Table 4.2). To our knowledge, there is no available information about the 

effects of natural organic Zn complexes on wheat grain yield under field conditions in 

comparison with the application of ZnSul. The increase in grain yield associated with 

these treatments was in line with the increase in the number of tillers and grains per spike. 

For rice, Rana and Kashif (2014) reported that the ZnSul source yielded fewer tillers per 

plant than other Zn sources. Although other authors have suggested that the numbers of 

tillers per plant can be increased by enhancing the soil Zn concentration and foliar-soil 

Zn application (Jan et al., 2013; Shivay et al., 2015), the highest soil Zn concentration in 

our experiment was obtained with the ZnSul treatments; and no significant effect was 

observed regarding the number of tillers. Furthermore, in the treatments in which no N 

was applied, the natural organic Zn fertilizers were associated with higher N uptake 

values (approximately 120 kg N ha-1 on average) than the inorganic Zn source (78 kg N 

ha-1). More studies should therefore be carried out in order to clarify why the Zn source 

is apparently key for N uptake and for yield components. On the other hand, our results 

show that natural organic Zn sources (without any N application) applied as foliar 

fertilizers produced a similar level of N enrichment in grain and straw to the application 

of 120 kg N ha-1 without Zn fertilization. In future studies, should confirm whether it is 

possible to reduce the N rate to below the recommended rate by using Zn fertilizers, while 

still maintaining grain and straw quality. This hypothesis is compatible with Venterea et 

al. (2016) and Cakmak et al. (2017), who suggested that a suitable nutrient balance 

requires an appropriate fertilization management of macronutrients and their interactions 

with micronutrients.  

An additional positive effect of using N fertilizers was the Fe biofortification in the 

grain. These results were in line with those reported by Almendros et al. (2019), who 
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suggested that the application of N in the form of urea or pig manure resulted in an 

increase in barley grain Fe concentrations. The transfer of the Fe cation from the 

rhizosphere to the grain is dependent on several different proteins and could be enhanced 

by N fertilization (Palmer and Guerinot, 2009). Grain protein is also a sink for Fe and, 

therefore, N fertilization would favour the accumulation of this element in the grain 

(Aciksoz et al., 2011a; Zhao et al., 2009). 

1.9.2 Effect of Zn and N co-fertilization on soil Zn status 

Liu et al. (2017) reported that high-yielding wheat crops needed a concentration of 2 

mg DTPA-extractable Zn kg-1 soil at crop maturity through a soil application strategy. 

Those findings are not consistent with our results, i.e. higher yields in some treatments 

(e.g. ZnAA or ZnGluc) with a lower concentration of soil DTPA-Zn (< 2 mg kg-1) 

compared with ZnSul. Our results suggest that a Zn concentration in the soil above the 

critical deficiency threshold concentration (1 mg DTPA-extractable Zn kg-1) is sufficient 

to increase grain Zn biofortification (see Fig. 4.4). Although Zn uptake by the root system 

is the beginning of the Zn route (root-shoot-grain), a soil-foliar fertilization strategy could 

also increase the Zn concentration through leaf uptake, which would complement the 

effect of the soil Zn available. As in Liu et al. (2017), the highest grain Zn biofortification 

rates were obtained with > 4 mg DTPA-extractable Zn kg-1 (see Fig. 4.4). 

Regarding the Zn-N interaction in the ZnSul treatment, Prasad (2005) and Neue et al. 

(1998) reported that the use of N fertilizer combined with ZnSul increased Zn availability 

and solubility in the soil, which is in agreement with our results at the first fertilization. 

This synergistic effect between Zn and N (i.e. increase of soil Zn availability and 

solubility) could be due to rhizosphere-induced acidification, resulting from an excess of 

cations (especially NH4
+) over anions and the simultaneous release of H+ from the roots.  
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On the other hand, Paterson et al. (2006) and Aciksoz et al. (2011b) reported that Zn 

mobilization and uptake could be affected by an increase in the N supply due to the 

stimulation of soil microbial activity and increased root exudation. Rehman et al. (2018a, 

2018b) also reported that root exudation (e.g. in the form of organic acids) increased the 

solubility and availability of nutrients due to changes in the pH of the rhizosphere and in 

soil microbial activity. Consequently, this enhanced phytosiderophore production and 

thus Zn acquisition by the plants. Other authors have suggested that the increase of Zn 

uptake could also be due to the abundance of root Zn uptake proteins including ZIP family 

proteins (e.g., IRT1)  (Hall and Williams, 2003; Ishimaru et al., 2005).  

Under semi-arid conditions the topsoil often has a low moisture content for several 

days or weeks. This, occurred in our experiment, during the reproductive growth stage 

and hence root activity generally declined during this period due to the reduction in photo-

assimilate allocation (Zhang et al., 2012). Applying foliar or foliar-soil Zn fertilization 

during the reproductive growth stages, as in this study, is an appropriate field practice for 

enhancing Zn accumulation (Cakmak et al., 2010). More studies are, however, needed to 

clarify the N and Zn efficiency under different stress and climatic conditions (e.g. in very 

wet or very dry years and in humid or dry areas). 

The natural organic Zn sources produced higher ZUE values than the inorganic 

fertilizer (Fig. 4.3). Even so, this effect was very closely related to the dose used for each 

Zn fertilizer (see Chapter 3. Material and Methods section 3.1.1), as confirmed by Martín-

Ortiz et al. (2009) and Alvarez and Gonzalez (2006), for wheat and maize, respectively. 

The application of natural organic Zn complexes could have enhanced the diffusion flow 

in this calcareous soil, favouring the Zn uptake by wheat roots at a lower Zn soil 

concentration and improving Zn utilization efficiency. Although the main disadvantage 
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of the inorganic Zn fertilizer was that it gave a lower grain yield, it has the advantage of 

a lower cost than natural organic Zn complexes. 

2. Experiment 2 – Influence of zinc fertilizers on greenhouse gas emissions and 

nitrifying and denitrifying communities in a non-irrigated arable cropland 

This section reports the results of Experiment 2, previously published in the journal 

Geoderma (ISSN: 0016-7061; JIF (2018) = 4.336). 

2.1  Environmental conditions 

The average of daily mean soil temperature during the wheat cropping cycle was 

11.6°C (9.4°C the first month after N fertilization) (Fig. 4.5a) and the minimum and 

maximum air temperatures were -6.7°C and 35.0°C, respectively (data not shown). Total 

precipitation over the wheat cropping cycle was 340 mm (92 mm in the first 45 days after 

N fertilization). After fertilization, soil WFPS (Fig. 4.5b) ranged from 10% to 65% (Fig. 

4.5b). 
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Figure 4.5. Daily mean air and soil temperatures (°C) and rainfall (mm) (a), and soil water-filled 
pore space (WFPS, %) (b), during the experimental period. The dotted arrows indicate the dates 
of the fertilization events (23rd March and 22nd April). 

2.2 Mineral N, DOC and trace metals 

Mineral N concentrations peaked after both fertilization events (data not shown). From 

the beginning of May to the end of the experiment, soil NH4
+ concentrations were below 

2 mg N kg−1 soil, while NO3
− decreased below 15 mg N kg−1 after mid-May to the end of 

wheat cropping cycle. Average NH4
+ contents after the first fertilizer application (Fig. 

4.6a) were significantly higher in the N-fertilized plots, with respect to N0 (P = 0.000). 

After the second fertilization, NH4
+ contents increased in the order N0 < 120 < 120+60 

(P = 0.000), regardless of the Zn source. Average NO3
− concentrations responded 

similarly to those of NH4
+ after each fertilizer application (Fig. 4.6b, P = 0.001). The Zn 

source did not significantly affect the average NH4
+ (P = 0.522) or NO3

− concentrations 
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(P = 0.332, Fig. 4.6a, b). The ‘Zn source × N rate’ interaction was not significant neither 

for NH4
+ (P = 0.634) nor for NO3

− (P = 0.659) contents. 

 

Figure 4.6. Average NH4
+-N (a) and NO3

−-N (b) concentrations in the 0–10 cm soil layer during 
the experimental period for the N application rates (0 kg N ha−1, N0, 120 kg N ha−1, N120, 180 
kg N ha−1, N120+60) and the Zn sources (control without Zn, Zn0, synthetic chelate, ZnCh, and 
other Zn sources, i.e. average of Zn-sulphate, Zn-lignosulphonate, and Zn-Humic/Fulvic acids). 
Statistical differences at P < 0.05 (LSD test) are presented by different letters. Vertical lines 
indicate standard errors. 

The average DOC content was 156 mg C kg−1 soil, and no significant effect of N rate 

or Zn source was found. Only on March 23rd (first fertilization), DOC contents were 

increased in the ZnHuFu treatment with respect to the other Zn sources (by 19%, P < 

0.05), for all N rates. Zn-DTPA in soil ranged from 1.0 to 7.5 mg Zn kg−1 soil with only 

small differences between treatments, except for ZnSul (which usually had in higher 

extractable Zn contents, data not shown). Cu-DTPA in soil ranged from 1.5 to 2.6 mg Cu 

kg−1 (Fig. 4.7). The concentrations of extractable Cu were generally lower in the ZnCh 
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treatment compared with the other Zn sources. This was statistically significant for the 

120 kg N ha−1 rate at both fertilizations. No significant differences were observed for 

extractable Fe (which ranged from 4.1 to 6.1 mg Fe kg−1 soil, data not shown). 

 

Figure 4.7. DTPA-extractable Cu (mg kg−1 soil) in soil with several different Zn fertilizers 
(control without Zn, Zn0, Zn-sulphate, ZnSul, Zn-lignosulphonate, ZnLS, Zn-DTPA-HEDTA-
EDTA, ZnCh, Zn-Humic/Fulvic acids, ZnHuFu) and different N application rates (0, 120 and 180 
kg N ha−1). Statistical differences in the Zn-N interaction effect within each sampling period (1st 
fertilization and 2nd fertilization) at P ≤ 0.05 (LSD test) are presented by the letters above each 
bar. Different capital letters indicate significant differences between N rates within a Zn treatment, 
whereas different lowercase letters indicate significant differences between Zn treatments within 
the same N rate. The vertical line in each column represents the standard deviation from the mean.  

2.3 N2O emissions 

To improve the visualization of daily GHG fluxes, only the emissions corresponding 

to the fertilizer application period (March–June) are shown in Fig. 4.8. After wheat 

harvest and before fertilization, fluxes were low (< 0.1 mg N m−2 d−1). Since no significant 

differences were observed between N0 treatments, an average of N2O emissions of all 

these treatments (N0Zn0, N0ZnSul, N0ZnLS, N0ZnCh and N0ZnHuFu) is shown in Fig. 

4.8a. For the treatments with both Zn-N fertilization, only the fluxes corresponding to 

N120+60 are shown, since after the first fertilization, N2O losses were statistically similar 

to those from N120, and after the second fertilizer application, the fluxes from N120 
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treatments did not differ significantly from those of N0. Daily N2O emissions ranged from 

-0.16 to 2.17 mg N m-2 d-1 (Fig. 4.8a). Nitrous oxide fluxes peaked immediately after both 

fertilizer applications, and both N2O peaks were short-lived. Cumulative N2O emissions 

(Table 4.5) were significantly higher in N fertilized treatments (N120 and N120+60) than 

in N0, but no significant differences were found between both N rates. Concerning Zn 

treatments, cumulative losses decreased in the order ZnHuFu > ZnSul = Zn0 > ZnCh, 

with ZnLS giving emissions between ZnHuFu and ZnSul/Zn0. Nitrous oxide emissions 

were significantly correlated with NO3
− (P = 0.001, n = 28, r = 0.87) and NH4

+ contents 

(P = 0.049, n = 28, r = 0.61), as well as with soil respiration (P = 0.004, n = 28, r = 0.72). 

2.4 CH4 oxidation and soil respiration 

Methane fluxes were generally negative, ranging from −0.8 to 1.2 mg C m-2 d-1 (Fig. 

4.8b). No significant differences between Zn sources or N rates were found in cumulative 

CH4 uptake (Table 4.5), although ZnHuFu and ZnCh resulted in numerically lower 

oxidation rates. Respiration fluxes ranged from 0.2 to 8.2 g C m−2 d−1 (Fig. 4.8c). Two 

notable peaks were observed after both N fertilization events. The ZnCh treatment had in 

the lowest cumulative respiration fluxes (Table 4.5), which were significantly lower than 

those of the Zn0 treatment. The net GWP had a similar pattern to that of N2O emissions, 

and with ZnCh and ZnHuFu giving in the lowest and highest CO2 equivalent emissions, 

respectively. 
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Figure 4.8. Daily N2O (a), CH4 (b) and soil respiration (c) fluxes for N application rate of 180 kg 
N ha−1 (N120+60) combined with different Zn sources (control without Zn, Zn0, Zn-sulphate, 
ZnSul, Zn-lignosulphonate, ZnLS, Zn- DTPA-HEDTAEDTA, ZnCh, Zn-Humic/Fulvic acids, 
ZnHuFu) and for the N0 treatment (0 kg N ha−1). The dotted arrows indicate the dates of the 
fertilization events (23rd March and 22nd April). Vertical lines indicate standard errors. 
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Table 4.5. Total cumulative N2O-N, CH4-C and respiration fluxes, yield-scaled N2O emissions, global warming potential (GWP) and N surplus for the different 
Zn sources (control without Zn, Zn0, Zn-sulphate, ZnSul, Zn-lignosulphonate, ZnLS, Zn- DTPA-HEDTA-EDTA, ZnCh, Zn-Humic/Fulvic acids, ZnHuFu) and 
three N application rates (0 kg N ha-1, N0, 120 kg N ha-1, N120, 180 kg N ha-1, N120+60). 
 

 

 

 

 

 

 

 

 

 

 

Different letters within columns indicate significant differences by applying the LSD test at P < 0.05. Standard Error (S.E.) and P values are given for each effect. 

Effect 
N2O cumulative 

emissions 
Yield-scaled N2O 

emissions 
CH4 cumulative 

emissions 
Cumulative 
respiration GWP N surplus 

(g N-N2O ha-1) (g N-N2O kg Nup-1) (g C-CH4 ha-1) (Mg C-CO2 ha-1) (kg CO2 ha-1) (kg N ha-1) 

N rate P = 0.001 P = 0.000 P = 0.466 P = 0.995 P = 0.001 P = 0.000 

N0 205.6  a 2.56  c -151.4 2.75 50.2  a -84.4  a 
N120 243.8  b 1.43  a -198.5 2.77 59.1  ab -51.6  b 

N120+60 271.1  b 1.60  b -194.4 2.76 66.4  b 7.7  c 
S.E. 12.0 0.08 29.4 0.16 3.3 4.8 

Zinc source P = 0.000 P = 0.000 P = 0.418 P = 0.108 P = 0.000 P = 0.340 

Zn0 232.3  b 2.03  b -202.4 3.11  b 55.9  ab -33.3 
ZnSul 241.1  b 2.04  b -214.7 2.58  ab 57.9  b -40.2 
ZnLS 253.4  bc 1.95  b -207.5 2.88  ab 61.3  b -41.9 
ZnCh 182.5  a 1.31  a -155.2 2.35  a 44.0  a -48.4 

ZnHuFu 291.6  c 1.98  b -127.4 2.87  ab 73.7  c -50.1 
S.E. 15.5 0.10 38.0 0.37 4.3 6.3 

N rate × Zinc source P = 0.448 P = 0.018 P = 0.346 P = 0.756 P = 0.369 P = 0.434 
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2.5 Yield-scaled N2O emissions, N surplus and Zn 

Yield-scaled N2O emissions (Table 4.5) were significantly lower in the case of the 

ZnCh treatment, in comparison with the other Zn sources or Zn0. Regarding N rate, the 

amount of N emitted per kilogram of aboveground N uptake decreased in the order N0 > 

N120+60 > N120. A significant interaction between both factors was found (Table 4.5, 

Fig. 4.9). This interaction showed that ZnHuFu was the Zn source leading to higher yield-

scaled N2O emissions, except for Zn0. Yield-scaled losses for ZnSul were also highly 

influenced by N rate, being highest for N0 and lowest for N120 and N120+60. The N 

surplus was only affected by N rate (Table 4.5), increasing in the order N0 < N120 < 

N120+60 (P < 0.05). All Zn sources significantly increased Zn content in wheat grain (by 

23% on average, and by 21% in the case of ZnCh) (data not shown) with respect to Zn0. 

 

Figure 4.9. Significant ‘Zn source × N rate’ interaction for Yield-scaled N2O cumulative 
emissions for each N rate (0 kg N ha−1, N0, 120 kg N ha−1, N120, 180 kg N ha−1, N120 + 60) and 
Zn source (control without Zn, Zn0, Zn-sulphate, ZnSul, Zn-lignosulphonate, ZnLS, Zn-DTPA-
HEDTA-EDTA, ZnCh, Zn-Humic/Fulvic acids, ZnHuFu) combinations. Vertical lines indicate 
the standard error of the mean. 
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2.6 Total abundances of nitrifying and denitrifying communities 

Total abundance of bacteria and archaea, as determined by their 16S rRNA gene copy 

numbers, nitrifiers (estimated as the abundance of bacterial and archaeal amoA gene) and 

denitrifiers (estimated as the abundance of the nirK, nirS, norB and nosZ genes) were 

only quantified in the Zn0, ZnCh and ZnHuFu treatments combined with the N0 (Table 

4.6) and N120 treatments (Fig. 4.10, Table 4.6). This was because significant differences 

were only found between those treatments and N2O emissions. Total 16SB abundance 

increased by 38% during the fertilization period in N120ZnHuFu treatment with respect 

to the N120Zn0 treatment, while the N120ZnCh treatment did not affect the copy number 

of 16SB during the experiment compared with the N120Zn0 treatment (Fig. 4.10a). By 

contrast, the total 16SA abundance increased by 36% in N120ZnCh compared with 

N120Zn0 throughout the experimental period. However, significant changes were not 

observed in the copy number of 16SA in N120ZnHuFu treatment when compared with 

N120Zn0 during the experimental period (Fig. 4.10a).
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Table 4. 6. Copy numbers of 16SB, 16SA (a), the amoA gene from AOB and AOA (b), nirK, nirS (c) norB and nosZ (d) genes at both fertilization events, 
between fertilizations and before harvest in the treatments with two N application rates (0kg N ha-1, N0, 120kg N ha-1, N120) amended with three Zn sources 
(control without Zn, Zn0, Zn-DTPA-HEDTA-EDTA, ZnCh, Zn-Humic/Fulvic acids, ZnHuFu). Statistical differences at P < 0.05 (LSD test)  are presented by 
different letters. 

 
Gene copy number ng DNA-1 

Treatment Time Archaeal 
16S rRNA 

Bacterial 
16S rRNA 

Archaeal 
amoA 

Bacterial 
amoA nirK nirS norB nosZ 

N0Zn0  

1st 
Fertilization 

1.15x107 a 9.78x107 ab 5.17x104 a 6.24x105 b 1.40x106 b   5.18x104  a 6.36x105 a 4.21x105 c 
N0ZnCh 2.75x107 b 5.97x107 a 1.62x105 a 6.36x105 b 7.80x105 a 4.94x104 a 7.29x105 a 2.83x105 a 

N0ZnHuFu 1.15x107 a 1.29x108 b 1.28x105 a 3.04x105 a 8.70x105 a 5.01x104 a 1.14x106 ab 3.52x105 b 
N120Zn0 3.62x107 b 6.69x107 a 3.78x105 b 9.24x105 c 2.16x106 c 5.64x104 a 1.79x106 c 3.62x105 b 

N120ZnCh 5.46x107 c 6.98x107 a 5.09x105 b 1.19x106 d 1.54x106 b 7.64x104 b 1.56x106 bc 5.68x105 c 
N120ZnHuFu 2.93x107 b 1.15x108 b 5.03x105 b 1.37x106 d 2.77x106 d 7.88x104 b 2.68x106 d 4.27x105 d 

N0Zn0  

Intermediate 

3.17x107 a 6.98x107 ab 3.70x105 b 4.44x105 a 1.25x106 a 7.75x104 a 3.76x105 a 5.04x105 bc 
N0ZnCh 6.47x107 d  9.10x107 ab 3.60x105 b 4.80x105 a 2.06x106 ab 8.15x104 a 7.47x105 ab 4.45x105 ab 

N0ZnHuFu 3.87x107 ab 9.94x107 b 7.13x105 c 2.93x105 a 2.28x106 b 7.57x104 a 8.92x105 bc 4.59x105 b 
N120Zn0 4.36x107 bc 6.38x107 a 3.44x105 b 4.99x105 a  3.46x106 c 1.03x105 b 1.15x106 cd 3.54x105 a 

N120ZnCh 4.60x107 c 6.35x107 ab 2.44x105 a 3.87x105 a 1.83x106 ab 7.32x104 a  1.37x106 d 6.37x105 c 
N120ZnHuFu 3.99x107 bc 1.74x108 c 3.39x105 b 1.47x106 b 3.81x106 c 7.94x104 a 2.52x106 e 4.31x105 ab 

N0Zn0  

2nd 

Fertilization 

4.89x107 c 7.71x107 a 3.80x105 a-c 5.01x105 ab 2.79x106 8.48x104 b 7.44x105 a 4.64x105 
N0ZnCh 4.98x107 c 7.45x107 a 1.14x106 bc 3.22x105 a 2.41x106 7.35x104 ab 1.21x106 ab 4.46x105 

N0ZnHuFu 3.38x107 b 1.01x108 a 2.43x105 a 5.08x105 ab 3.33x106 1.28x105 d 1.68x106 bc 5.25x105 
N120Zn0 2.54x107 a 1.09x108 a 2.77x105 ab 1.30x106 c 2.90x106 6.62x104 a 2.67x106 d 3.59x105 

N120ZnCh 5.12x107 c 7.57x107 a 5.90x105 c 7.02x105 b 2.78x106 7.88x104 ab 2.17x106 cd 5.22x105 
N120ZnHuFu 2.93x107 ab 1.90x108 b 6.75x105 c 1.16x106 c 3.00x106 1.09x105 c 3.55x106 e 4.72x105 

N0Zn0  

Final 

2.56x107 bc 5.05x107 a 2.89x105 bc 2.02x105 ab 2.99x106 8.43x104 c 8.05x105 ab 3.96x105 c 
N0ZnCh 2.73x107 bc 7.13x107 ab 2.63x105 bc 1.84x105 a 3.12x106 8.32x104 bc 5.77x105 a 5.49x105 d 

N0ZnHuFu 1.24x107 a 8.61x107 bc 5.69x105 d 2.66x105 a-c 4.24x106 6.86x104 ab 8.52x105 bc 2.92x105 a 
N120Zn0 2.48x107 b 8.44x107 bc 2.07x105 ab 3.03x105 bc 3.02x106 5.90x104 a 1.15x106 c 2.97x105 ab 

N120ZnCh 5.33x107 d 7.09x107 ab 1.40x105 a 1.71x105 a 1.90x106 5.50x104 a 6.67x105 ab 3.41x105 a-c 
N120ZnHuFu 3.25x107 c 1.01x108 c 3.68x105 cd 3.95x105 c 3.15x106 7.51x104 bc 2.63x106 d 3.78x105 bc 

Different letters within columns indicate significant differences by applying the LSD test at P < 0.05.
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Regardless of the sampling date, the total abundance of the amoA gene from AOB in 

the N120ZnHuFu treatment was higher than that found in the N120ZnCh and N120Zn0 

treatments. By contrast, for AOA, significant differences to the N120Zn0 treatment were 

only obtained after the second fertilization event and before harvest (Fig. 4.10b). AOB 

decreased by > 42% in the N120ZnCh treatment in comparison to N120Zn0 throughout 

the experiment, while changes in AOA were not significant between these treatments 

(decrease of 3% on average during the experiment period), (Fig. 4.10b). 

Regarding denitrification genes, the addition of N120ZnCh to the soil decreased the 

abundance of the nirK, nirS and norB genes with respect to the remaining treatments. 

Interestingly, a significant increase was found in the nosZ gene throughout the 

experimental period in the N120ZnCh (Fig. 4.10c and d). The copy number of nirK, nirS, 

norB and nosZ genes increased with the application of N120ZnHuFu fertilizer compared 

with the N120Zn0 treatment, including significant increases of the norB gene, by 50% 

and 42% compared to ZnCh and Zn0, respectively, regardless of the sampling date (Fig. 

4.10c and d). 

At the end of the experiment, soil fertilized with N120 and amended with ZnHuFu and 

ZnCh fertilizers had higher copy numbers of 16SB and 16SA than those of N0ZnHuFu 

and N0ZnCh, respectively. With an application of 120 kg N ha−1, regardless of Zn source, 

the amoA gene from AOA and AOB, nirK, nirS and norB genes had a higher abundance 

than the same treatments with N0 (Table 4.5). Similarly, ZnHuFu and ZnCh fertilizers 

combined with N120 increased the nosZ gene with respect to the N0 treatments but this 

was not the case for the N120Zn0 treatment in comparison with N0Zn0. 
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Figure 4.10. Copy numbers of 16SB, 16SA (a), the amoA gene from AOB and AOA (b), nirK, 
nirS (c) norB and nosZ (d) genes at both fertilization events, between fertilizations and before 
harvest for the N rate of 120 kg N ha−1 and different Zn sources (control without Zn, Zn0, Zn-
DTPA-HEDTA-EDTA, ZnCh, Zn-Humic/Fulvic acids, ZnHuFu). Statistical differences at P < 
0.05 (LSD test) are indicated by different letters. Vertical lines indicate the standard deviation 
from the mean. The scale of the Y-axes has been adapted in each case to improve the visualization 
of the data. 
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Nitrous oxide emissions were positively correlated with the abundances of norB, nirK 

and amoA genes, and all of these variables had a close relationship with the ZnHuFu 

treatment (Fig. 4.11). The opposite was observed for ZnCh, which was related to the nosZ 

gene. 

 

Figure 4.11. Redundancy analysis (triplot) between the response variables: total abundance of 
nitrifier (AOB and AOA) and denitrifier (nirK, nirS, norB, nosZ) genes, represented by black 
arrows and the explanatory variables: NH4

+-N NO3
--N, CO2, CH4 and N2O emissions, represented 

by gray arrows. 

2.7 Discussion 

2.7.1 Effect of Zn source on N2O emissions 

Our results suggested that N2O emissions and related gene abundances were affected 

by the Zn source. In comparison with the treatment that did not receive any Zn source 

(Zn0), only ZnHufu and ZnCh significantly affected N2O emissions (Table 4.5), 

increasing and decreasing the cumulative losses, respectively. Ruser and Schulz (2015) 

noted that one of the most likely mechanisms of commercial nitrification inhibitors (e.g., 

DCD, and, DMPP) for retarding the oxidation of NH4
+ was the removal of co-factors of 
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ammonia monooxygenase (involved in the first step of nitrification). The addition of 

strong chelating compounds (e.g., the DTPA-HEDTA-EDTA mixture) to the soil could 

affect the availability of trace metals (e.g., Cu) for microorganisms, to a larger extent than 

other fertilizers (e.g., ZnLS or ZnHuFu). This was actually observed for the N120 

treatment (Fig. 3), indicating that the chelation of Cu could be a consistent hypothesis for 

the inhibition of nitrification and the reduction of N2O losses from the ZnCh treatment 

(Duncan et al., 2017). Copper is the main trace metal involved in soil processes affecting 

N2O emissions, e.g., NH4
+ oxidation (first step of nitrification) and the reduction of nitrite 

(NO2
−, second step of denitrification) and N2O (last step of denitrification) (Glass and 

Orphan, 2012). This is consistent with the observed reductions in the abundances of AOB 

and nirK gene, and with the increases in the copy numbers of nosZ gene. In addition, we 

also detected a reduction of AOA and nirS gene abundances, though the relevance of 

these microbial populations was lower from a quantitative viewpoint, as observed in 

calcareous soils (Tao et al., 2017; Tellez-Rio et al., 2015b; Zhong et al., 2016). Our results 

demonstrate a clear effect of ZnCh on nitrifying (despite the fact that we did not observe 

any differences in soil mineral N contents, Fig. 4.6) and denitrifying communities. 

Considering that the chelation of metal co-factors is the most likely mode of action of 

nitrification inhibitors, previous findings also noted a reduction in the copy numbers of 

the amoA (Akiyama et al., 2013; Di and Cameron, 2011) and nirK genes (Barrena et al., 

2017) due to the application of nitrification inhibitors while increases in the nosZ gene 

were observed by Torralbo et al. (2017) after the use of a pyrazole-based inhibitor. In 

spite of the finding that a limitation of Cu availability could negatively affect nosZ 

abundance (Sullivan et al., 2013; Torralbo et al., 2017) attributed the increases of the nosZ 

gene expression to i) a transient stimulation of these microbial population in response to 

the effect of nitrification inhibitors on other denitrifying microorganisms; or ii) the use of 
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N2O as an alternative electron acceptor due to the reduction of nitrification activity and 

therefore NO3
− availability. In addition, a reduction of redox potential after the 

application of synthetic chelating agents (e.g., EDTA) as reported by Almendros et al. 

(2015), could also have favoured the reduction of N2O to N2, since the highest soil 

moisture contents were recorded on the fertilization dates (Fig. 4.5b). Our results, 

therefore, confirm an effect of chelating compounds, such as DTPA-HEDTA-EDTA, on 

nitrifying microorganisms (Hu et al., 2003) and also denitrifying communities. Further 

research is needed under a variety soil moisture conditions (e.g., more favourable for 

denitrification or complete denitrification), since our results are not in agreement with 

Pramanik and Kim, (2017), who reported an increase in N2O losses after the addition of 

EDTA in a submerged paddy crop. 

The mitigation efficacy obtained with the application of ZnCh (21%) in comparison 

with Zn0 was lower than that achieved with common nitrification inhibitors, such as DCD 

(average 42%) or DMPP (40%) (Gilsanz et al., 2016). This could be a result of the short-

term effect of the ZnCh application on N2O emissions (1–4 days after application, see 

Fig. 3a), which is shorter than that of nitrification inhibitors (Benckiser et al., 2013; 

Chaves et al., 2006). 

The possible side-effect on non-target microorganisms must also be considered before 

recommending the application of synthetic chelating agents as a sustainable GHG 

mitigation practice. In addition to the effect of chelating compounds on 

nitrifiers/denitrifiers through the removal of the co-factors of metalloenzymes, adverse 

effects on soil microbiota have been associated with synthetic chelates (Epelde et al., 

2008; Grčman et al., 2001), which are products with low biodegradability (Bucheli-

Witschel and Egli, 2001), high solubility in soil and persistent (Alkorta et al., 2003). This 

effect of the ZnCh treatment on soil microbiota may help explain the reduction of 



Chapter 4. Results and Discussion 

87 
 

cumulative CO2 fluxes with respect to the no Zn application (Zn0). However, no effect 

of ZnCh on total 16SB abundance in the soil was found. In addition to the detrimental 

effect on microorganisms, a potential polluting effect of chelated fertilizers through metal 

leaching to groundwater has also been observed (Gonzalez et al., 2015). This problem 

should be further considered, particularly under favourable conditions for leaching (i.e. 

coarse-textured soils and high rainfall amount) and for highly soluble metal-chelate 

compounds  (Alkorta et al., 2004). 

The significant increase in N2O losses after the addition of the ZnHuFu occurred for 

both emission peaks (Fig. 4.8a). The increase in the total abundance of denitrifying 

communities (i.e., nirK, nirS, norB and nosZ) indicated that this fertilizer provided a C-

labile source to heterotrophic denitrifiers, thereby stimulating their activity. Surprisingly, 

we also observed that the ZnHuFu enhanced the total abundances of AOA, AOB and 

16SB. Although nitrifying microorganisms are autotrophs, our results support the 

findings of Valdrighi et al. (1996) and Vallini et al. (1997), who showed that 

chemolitotrophic bacteria reacted positively to the addition of humic acids to the soil, 

possibly as a result of improved nutrition due to enhanced microbial membrane 

permeability. Since the fertilizers were applied as liquid solutions containing N, the soil 

moisture at fertilization events was adequate for both nitrification and denitrification 

processes (WFPS of 60-70%, Fig. 4.5b) (Pilegaard, 2013). The important contribution of 

an incomplete denitrification to N2O losses from ZnHuFu fertilizer is corroborated by the 

disproportional increase in norB (i.e., the reduction of NO to N2O) and nosZ (i.e., the 

reduction of N2O to N2) gene abundances (Fig. 4.10). The significant correlation of N2O 

losses with both NH4
+ and NO3

− concentrations, along with the close linkage between 

N2O emissions and both AOB and denitrifier (i.e., norB, nirK) abundances (Fig. 4.11) 

demonstrate the importance of both biochemical processes for the release of N2O. This 
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interaction between available C-labile and mineral N sources explains the fact that 

ZnHuFu treatment resulted in the highest yield-scaled N2O losses in N-fertilized 

treatments, but not in the N0 treatment. 

2.7.2 Effect of N rate on N2O emissions 

As expected, the addition of synthetic N significantly increased N2O losses (Table 4.5) 

compared with the unfertilized N0 treatment. Moreover, the expressions of all measured 

genes encoding nitrifying and denitrifying microorganisms (except the nosZ gene) 

increased after the application of N and Zn fertilizers (Table 4.5), which is consistent with 

the results of Tian et al. (2014) and Sun et al. (2015). Regarding the N rate, even though 

the N120+60 treatments increased the cumulative N2O losses in comparison with the 

single application of 120 kg N ha−1, this was not statistically significant. The low N rate 

added (60 kg N ha−1) and the scarce rainfall that fell during the two weeks following the 

second fertilizer application (Fig. 4.5a) may explain these results. Regarding the yield-

scaled N2O emissions, our results show the beneficial effect of synthetic N fertilization 

for decreasing N2O losses per kilogram of aboveground N uptake (Table 4.5). Comparing 

both N fertilization strategies, the single application of 120 kg N ha−1 resulted in similar 

(Zn0, ZnLS) or lower (ZnSul, ZnCh and ZnHuFu) yield-scaled N2O emissions with 

respect to N120+60 (Fig. 4.9). Our findings were similar to those of Lebender et al. 

(2014), who reported the lowest yield-scaled N2O emissions in winter wheat at 

intermediate N fertilizer rates (127–150 kg N ha−1). An application of 120 kg N ha−1 can 

be recommended as the most advisable rate for our field experiment from both economic 

and environmental viewpoints, since it involves savings in synthetic N fertilizer (in 

comparison with 120+60), thus reducing CO2 emissions associated with its transport and 

manufacturing (Lal, 2004). In addition, the highest N rate (120+60) significantly 

increased N surplus, as found by Rasmussen et al. (2015). This residual soil N can result 
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in N losses after rainfall events in the summer or early autumn due to leaching (Gabriel 

et al., 2012) and N2O (pulsing effect, Liang et al., 2016; Sanchez-Martín et al., 2010). 

2.7.3 Methane uptake 

Several studies have noted that mineral N concentrations influence CH4 aerobic 

oxidation (Tate, 2015). The meta-analysis of Aronson and Helliker (2010) reported that 

small amounts (< 100 kg N ha−1) of N tended to increase CH4 oxidation, while larger 

amounts tended to inhibit methanotrophy. Indeed, we observed that fertilized plots (N120 

and 120+60) led to the highest rates of CH4 uptake, but the differences were not 

statistically significant. 

Pramanik and Kim (2017) reported a reduction of CH4 emissions as a result of EDTA 

application in a submerged paddy field. They argued that the last enzyme-mediated step 

of methanogenesis (reduction of methyl-CO-M to CH4) was suppressed as a result of the 

EDTA application. Conversely, non-flooded agricultural soils are net CH4 sinks since this 

GHG is oxidized by methane oxidizing bacteria (Snyder et al., 2009). In our experiment, 

which was performed under rainfed aerobic conditions, there was no significant effect of 

Zn treatments on CH4 fluxes. The aerobic oxidation of CH4 depends on several metal-

containing enzymes (mainly Cu and Fe) (Glass and Orphan, 2012). Therefore, it could be 

hypothesized that the addition of strong synthetic chelating compounds could temporarily 

affect CH4 uptake due to the reduction of trace metals available to methanotrophs. This 

could explain why two treatments, ZnCh and ZnHuFu, tended to reduce cumulative CH4 

oxidation (Table 4.5). In the case of ZnHuFu, the addition of small amounts of a C source 

resulting in an increase in methanogenic activity (Le Mer and Roger, 2001) could also 

explain this result. Although not significant, this tendency affected (with respect to area-

scaled N2O losses) the GWP. Only the ZnCh treatment significantly reduced GHG losses 

compared with ZnHuFu, ZnSul and ZnLS (Table 4.5). 
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3. Experiment 3 – Influence of zinc-nitrogen co-fertilization on N2O emissions and 
microbial communities in an irrigated maize crop 

3.1 Environmental conditions and soil mineral N and trace metals 

The average of daily mean soil temperature during the maize cropping cycle was 

20.9°C (22.9°C the first month following N fertilization and 23.6°C during the 

reproductive period) (Fig. 4.12). The maximum temperature exceeded 35ºC for 40 days 

from mid-June to the end of August, of which 16 days corresponded to the crop 

reproductive period. In addition, the maximum temperatures that were reached in July 

and August were 40ºC and 39ºC, respectively; these values being higher than the average 

values for the last 10 years (see Chapter 3. Material and Method section 1). The water-

filled pore space ranged from 15% to 86% with continuous fluctuations due to the 

irrigation events (Fig. 4.12b). 

 

Figure 4.12. a) Daily rainfall (mm) and mean soil temperature at 10 cm during the experimental 
period and b) soil moisture content expressed as water filled pore space (WFPS %) during the 
experimental period. The dotted arrows indicate the Zn fertilizations events. Vertical bars indicate 
standard errors. 
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Soil NH4
+ and NO3

- concentrations for each treatment are shown in Fig. 4.13. The N-

fertilized treatments had significantly higher NH4
+ contents than the non N-fertilized 

treatments (P < 0.001). No significant differences were observed between N0 treatments 

(P > 0.05). The NH4
+ concentration decreased rapidly 5 days after fertilization (DAF, Fig. 

4.13a) and subsequently the NO3
- content increased (Fig. 4.13b). The Zn sources did not 

have any effect on the mineral N content. 

 

Figure 4.13. NH4
+-N (a) and NO3

--N (b) content during 68 days following N fertilization for the 
N application rate of 0 kg N ha-1 (N0) and 120 kg N ha-1 (U) combined with different Zn sources 
(control without Zn, Zn0, Zn-sulphate, ZnSul, Zn- DTPA-HEDTA-EDTA, ZnCh). The black 
arrows indicate the Zn-N fertilization (06/14/2017) and 2nd Zn fertilization event (07/05/2017). 
Vertical bars indicate standard errors.  
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Total Zn-DTPA concentrations in the soil increased by 60% and 13% (on average) for 

the ZnSul and ZnCh treatments, respectively, with respect to the Zn0 treatment on both 

sampling dates (Table 4.7). In the case of ZnSul, the Zn availability in the soil was 

affected by the N fertilization (after 2nd fertilization and at harvest), but this was not the 

case for ZnCh. The N application gave lower Zn availability than the N0 treatments (P < 

0.05), both after first fertilization and at harvest. 

With regards to the total Cu-DTPA soil concentration (Table 4.7), the Zn-N interaction 

was statistically significant for both fertilization events. The N-fertilized treatments 

decreased (P < 0.05) total Cu-DTPA concentrations in comparison with the N0 

treatments.  Comparing Zn treatments, total Cu-DTPA concentration was higher in U-

ZnSul than in U-Zn0 (1st fertilization) and in U-ZnSul and U-ZnCh than in U-Zn0 (2nd 

fertilization). No significant differences were observed between the N0ZnCh and N0Zn0 

regarding the total Cu-DTPA content after both Zn fertilization events, while 

concentrations in N0ZnSul were significantly increased. 
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Table 4.7. Total Zn-DTPA and Cu-DTPA concentrations for the different Zn sources (control 
without Zn, Zn0; Zn-sulphate, ZnSul; Zn-DTPA-HEDTA-EDTA, ZnCh) combined with two N 
application rates (0 kg N ha−1; N0 and 120 kg N ha−1, U) after 1st and 2nd fertilization events and 
at harvest. 

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. *, ** and *** denote significant at P < 0.05, P < 0.01 and P 
< 0.001, respectively. “NS” denotes not significant. Different capital letters in the interaction indicate 
significant differences between N rates within a Zn treatment, whereas different lowercase letters indicate 
significant differences between Zn treatments within a N rate, by applying the LSD test at P < 0.05. 

3.2 GHG emissions 

3.2.1 Nitrous oxide emissions  

Nitrous oxide fluxes ranged from -0.28 to 18.35 mg N m-2 d-1. The highest peak was 

reported 7 DAF for treatments with U, particularly for the Zn-based treatments (Fig. 

4.14a). A second peak, as a consequence of an irrigation event, occurred 12 DAF for U-

ZnCh and 16 DAF for the U and U-ZnSul treatments. The different fluxes observed for 

each treatment during the period 0 – 104 DAF produced significant differences in 

cumulative N2O emission between N-fertilized treatments (Table 4.8). A significant Zn-

N interaction was also observed, with cumulative N2O fluxes decreasing in the order U-

Effect Zn-DTPA 
Conc. after 

1st 
fertilization 

Zn-DTPA 
Conc. after 

2nd 
fertilization 

Zn-DTPA 
Conc. at 
harvest 

Cu-DTPA 
Conc. after 

1st 
fertilization 

Cu-DTPA 
Conc. after 

2nd 
fertilization 

Cu-DTPA 
Conc. at 
harvest 

(mg kg-1) (mg kg-1) (mg kg-1) (mg kg-1) (mg kg-1) (mg kg-1) 
Nitrogen * NS *** *** *** *** 

N0 1.55 b 1.27 1.29 b 0.88 b 0.80 b 0.60 b 
U 1.34 a 1.66 1.00 a 0.79 a 0.54 a 0.48 a 

S.E. 0.05 0.12 0.02 0.01 0.01 0.02 
Zinc sources *** *** *** NS *** NS 

Zn0 0.86 a 0.81 a 0.88 a 0.81 0.62 a 0.53 
ZnSul 2.51 b 2.57 c 1.63 b 0.86 0.67 b 0.55 
ZnCh 0.96 a 1.03 b 0.92 a 0.85 0.73 c 0.55 

S.E. 0.07 0.14 0.03 0.02 0.01 0.02 
Zinc × Nitrogen NS ** *** * * NS 

N0Zn0 1.01 0.83 Aa 0.94 Ba 0.89 Ba 0.74 Ba 0.60 
U 0.71 0.79 Aa 0.82 Aa 0.73 Aa 0.49 Aa 0.45 

N0ZnSul 2.66 1.89 Ab 2.00 Bb 0.87 Aa 0.89 Bb 0.60 
U-ZnSul 2.35 3.26 Bb 1.25 Ac 0.85 Ab 0.57 Ab 0.50 
N0ZnCh 0.97 1.10 Aa 0.92 Aa 0.89 Ba 0.78 Ba 0.61 
U-ZnCh 0.95 0.95 Aa 0.92 Ab 0.80 Aab 0.55 Ab 0.49 

S.E. 0.09 0.20 0.04 0.03 0.02 0.03 
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ZnSul > U-ZnCh > U. Differences between Zn treatments were only observed when urea 

was applied, but not for N0. The N0 treatments resulted in significantly lower cumulative 

N2O emissions than N fertilized treatments (U), regardless of the Zn source. 

 

Figure 4.14. Daily N2O (a), CH4 (b) and soil CO2 (c) fluxes for N application rate of 0 kg N ha-1 
(N0) and 120 kg N ha-1 (U) combined with different Zn sources (control without Zn, Zn0, Zn-
sulphate, ZnSul, Zn- DTPA-HEDTA-EDTA, ZnCh). The black arrows indicate the Zn-N 
fertilization (06/14/2017) and 2nd Zn fertilization event (07/05/2017). Vertical lines indicate 
standard errors. 
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3.2.2 Methane, soil CO2 fluxes and GWP 

Negative CH4 fluxes were generally observed throughout the maize cropping season. 

No significant differences were observed between N treatments, Zn sources or in the Zn-

N interaction for cumulative CH4 oxidation (Table 4.8), although the highest consumption 

rates by the methanotrophs were observed for U-ZnCh. The highest CH4 consumption 

after fertilization was reported on June 21st (the same day of the N2O emission peak) (Fig. 

4.14b).  

Soil CO2 fluxes ranged from 0.3 to 3.6 g C m-2 d-1 (Fig. 4.14c). The peaks were 

observed 12 and 5 days after first and second Zn fertilization event, respectively. The U 

treatments, independently of Zn application, tended to increase CO2 fluxes with respect 

to N0, although the differences were not statistically significant. Zinc fertilization resulted 

in a significant increase of cumulative CO2 emissions with respect to the treatments 

without Zn application (Table 4.8). 

With regards to the GWP, the N fertilization significantly increased the net CO2eq with 

respect to treatments with no N, regardless of Zn source (Table 4.8). The significant Zn-

N interaction had a similar pattern to that of the N2O fluxes. The U-ZnSul treatment 

increased GWP emissions by 50% with respect to U, with U-ZnCh giving intermediate 

results. 
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Table 4.8. Total cumulative N2O-N, CH4-C and respiration fluxes, and global warming potential 
(GWP) for the different Zn sources (control without Zn, Zn0, Zn-sulphate, ZnSul and Zn- DTPA-
HEDTA-EDTA, ZnCh) combined with two N application rates (0 kg N ha−1, N0 and 120 kg N 
ha−1, N120). 

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. *, ** and *** denote significant at P < 0.05, P < 0.01 and P 
< 0.001, respectively. “NS” denotes not significant. Different capital letters in the interaction indicate 
significant differences between N rates within a Zn treatment, whereas different lowercase letters indicate 
significant differences between Zn treatments within a N rate, by applying the LSD test at P < 0.05. 

3.3 Total abundances of nitrifying and denitrifying communities 

The total abundance of the bacterial and archaeal 16S rRNA, bacterial and archaeal 

amoA gene, the nirK, norB and nosZ genes (Fig. 4.15) were only quantified in the N-

fertilized treatments because significant differences in N2O fluxes between Zn sources 

were only found for the U plots (Table 4.8). During the experimental period, the total 

abundance of 16SB was higher than that of the 16SA for all treatments (Fig. 4.15a, b). 

After the 1st Zn fertilization event, Zn-fertilized treatments had a significantly lower in 

16SB and 16SA abundance than the U treatment (by 78% and 77%, respectively). This 

effect was maintained during almost three weeks. 

Effect N2O cumulative 
emission 

CH4 cumulative 
emission 

CO2 cumulative 
emission 

GWP 

(kg N-N2O ha-1) (kg C-CH4 ha-1) (kg C-CO2 ha-1) (kg CO2 ha-1) 
Nitrogen *** NS NS *** 

N0 0.15 a -0.31 1433 33 a 
U 1.17 b -0.43 1446 298 b 

S.E. 0.06 0.05 98.68 15.22 
Zinc sources ** NS *** ** 

Zn0 0.46 a -0.42 902 a 114 a 
ZnSul 0.86 b -0.36 1834 b 217 b 
ZnCh 0.67 ab -0.34 1581 b 165 ab 

S.E. 0.07 0.06 120.85 18.64 

Zinc × Nitrogen * NS NS ** 
N0Zn0 0.12 Aa -0.29 887 26 Aa 

U 0.80 Ba -0.55 917 202 Ba 
N0ZnSul 0.16 Aa -0.40 1845 31 Aa 
U-ZnSul 1.56 Bc -0.32 1822 403 Bc 
N0ZnCh 0.18 Aa -0.26 1566 41 Aa 
U-ZnCh 1.16 Bb -0.43 1597 290 Bb 

S.E. 0.10 0.09 170.91 26.36 
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During the experimental period, the total abundances of AOB decreased by 80% and 

90% for the U-ZnSul and U-ZnCh treatments, respectively, compared with U, with 

particularly noteworthy differences on July 4th (Fig. 4.15c). The total abundance of AOA 

was higher for the U treatment than for the U-ZnSul and U-ZnCh treatments only on the 

second date (Fig. 4.15d). Differences in the abundances were found between bacterial and 

archaeal amoA gene, with the copy number of the AOB being statistically higher than that 

of the AOA. Moreover, the ratio of the amoA to nosZ genes was significantly higher in 

the U treatment than in the U-ZnSul and U-ZnCh treatments (Fig. 4.16b). 

With regards to denitrification genes shown in Figures 4.15e, 4.15f and 4.15g, the U 

treatment had the highest total abundances of nirK, norB and nosZ genes throughout the 

experiment, with the nosZ gene having the highest values. In addition, the Zn-fertilized 

treatments had a lower total abundance of denitrifiers, mainly for the nosZ copy numbers. 

In this sense, the abundance ratio of the gene encoding N2O reduction (nosZ) to that 

encoding denitrification nitrite reduction (nirK), was significantly higher in the Zn 

treatments compared with U (Fig. 4.16a). 
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Figure 4.15. Copy numbers of 16SB (a), 16SA (b), the amoA gene from AOB (c) and AOA (d) 
and the nirK (e), norB (f) and nosZ (g) genes for three sampling dates for the N rate of 120 kg N 
ha−1 (U) combined with different Zn sources (control without Zn, Zn0, Zn-Sulphate, ZnSul, Zn-
DTPA-HEDTA-EDTA, ZnCh,). Statistical differences at P < 0.05 (LSD test) are indicated by 
different letters. Vertical lines indicate the standard deviation from the mean. The scale of the Y-
axes has been adapted in each case to improve the visualization of the data. 
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Figure 4.16. Abundance ratios of functional genes in denitrification, nitrification and nitrous 
oxide reduction: (a) nirK/nosZ ratio and (b) AOB+AOA/nosZ ratio for three sampling dates for 
the N rate of 120 kg N ha−1 (U) combined with different Zn sources (control without Zn, Zn0, Zn-
Sulphate, ZnSul, Zn-DTPA-HEDTA-EDTA, ZnCh,). Statistical differences at P < 0.05 (LSD test) 
are indicated by different letters. Vertical lines indicate the standard deviation from the mean. The 
scale of the Y-axes has been adapted in each case to improve the visualization of the data. 

3.4 Agronomic Parameters 

Total Zn and N concentrations in grain and stover are shown in Table 4.9. Grain Zn 

content was significantly increased with the application of ZnSul fertilizer. However, this 

was not observed for ZnCh (Table 4.9). The Zn-N interaction was statistically significant 

for the total Zn concentration in stover, i.e., the U-ZnSul treatment gave in an increase of 

Zn content by 28% compared with N0ZnSul, but this was not observed for the other Zn 

treatments (Zn0 or ZnCh). Fertilization with Zn or N did not lead to significant differences 

in the total N concentrations in grain and stover. With regards to the grain yield, the Zn0 

and N0 treatments decreased grain yield by 37% and 43% with respect to the Zn fertilized 

treatments and U, respectively (data not shown). The Zn-N interaction was not 

statistically significant for the grain yield. No significant differences in biomass yields 

were observed between Zn sources, N rates or in the interaction of both factors (data not 

shown). 
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Table 4.9. Total Zn and N concentrations in grain and stover for the different Zn sources (control 
without Zn, Zn0; Zn-sulphate, ZnSul; Zn-DTPA-HEDTA-EDTA, ZnCh) combined with two N 
application rates (0 kg N ha−1; N0 and 120 kg N ha−1, U). 

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. *, ** and *** denote significant at P < 0.05, P < 0.01 and P 
< 0.001, respectively. “NS” denotes not significant. Different capital letters in the interaction indicate 
significant differences between Nitrogen rates within a Zinc treatment, whereas different lowercase letters 
indicate significant differences between Zinc treatments within a Nitrogen rates, by applying the LSD test 
at P<0.05. 

Greenhouse gas intensity (GHGI) (strongly influenced by N2O emissions due to the 

lack of significant differences between treatments for grain yield) showed that the non-

N-fertilized treatments significantly reduced this parameter with respect to U (Fig. 4.17). 

In addition, the U treatment gave a lower GHGI than the U-ZnCh (P > 0.05) and U-ZnSul 

treatments (P < 0.05). 

Effect Total Zn Conc. 
Grain 

Total Zn Conc. 
Stover 

Total N Conc. 
Grain 

Total N Conc. 
Stover  

(mg kg-1) (mg kg-1) %  %  
Nitrogen NS NS NS NS 

N0 15.14 33.40 1.76 1.10 
U 15.45 39.76 1.71 1.02 

S.E. 0.34 2.46 0.02 0.06 
Zinc sources * *** NS NS 

Zn0 14.48 a 10.73 a 1.75 1.10 
ZnSul 16.45 b 81.39 b 1.71 1.04 
ZnCh 14.96 a 17.62 a 1.74 1.05 

S.E. 0.41 3.02 0.03 0.08 
Zinc x Nitrogen NS * NS NS 

N0Zn0 14.34 12.32 Aa 1.81 1.15 
U 14.61 9.14 Aa 1.69 1.05 

N0ZnSul 16.17 68.16 Ab 1.69 1.05 
U-ZnSul 16.72 94.61 Bb 1.70 1.04 
N0ZnCh 14.89 19.72 Aa 1.78 1.11 
U-ZnCh 15.03 15.53 Aa 1.69 0.98 

S.E. 0.59 4.27 0.03 0.11 
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Figure 4.17. Greenhouse gas intensity (GHGI) for the different Zn sources (control without Zn, 
Zn0, Zn-sulphate, ZnSul and Zn- DTPA-HEDTA-EDTA, ZnCh) combined with two N 
application rates (0 kg N ha−1, N0 and 120 kg N ha−1, N120). Statistical differences in the Zn-N 
interaction effect at P ≤ 0.05 (LSD test) are presented by different capital letters for significant 
differences between N rates within a Zn treatment, whereas different lowercase letters indicate 
significant differences between Zn treatments within the same N rate. The vertical line in each 
column represents the standard deviation from the mean. 

3.5 Discussion 

3.5.1 Effect of Zn-N co-fertilization on N2O emissions and microbial gene abundances 

The results of this study demonstrate that cumulative N2O emissions significantly 

increased with the co-fertilization of U and a Zn source (U-ZnSul and U-ZnCh treatments) 

with respect to the treatment with U fertilizer and no Zn application (Table 4.8). This 

increase in N2O fluxes was mainly produced during the 30 days following urea 

application, during which N2O emissions contributed more than 80% of N2O emitted 

throughout the experimental period (Fig. 4.14a). As maize was frequently irrigated during 

this period (8 irrigations events), the WFPS in the 0-20 cm soil layer reached 80% 

immediately after irrigation. However, this moisture content fell rapidly due to the high 

ETc, resulting in WFPS in the rang 20%-50% 3-4 days after irrigation. These moisture 

conditions with continuous drying-rewetting cycles suggest that coupled nitrification-

denitrification is considered the main source for N2O losses in our field experiment due 

to the favourable conditions for both processes (Li et al., 2016; Pilegaard, 2013) as was 
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hypothesized by Guardia et al. (2017) in an irrigated maize crop in the same region. The 

importance of this process was apparent due to the rapid decrease of NH4
+ concentration 

followed by a decrease in the NO3
- content. 

Our results show that the Zn treatments caused a significant decrease (78% on average) 

in the total abundances of the 16SB and 16SA genes in comparison with the U treatment, 

during at least 3 weeks after Zn fertilization. We can, therefore, assume that a Zn toxic 

effect on microbial communities occurred (Epelde et al., 2008; Kelly et al., 1999), 

regardless of the Zn source. With regards to the nitrifying communities, the total 

abundances of AOB decreased by 85% on average for the U-ZnSul and U-ZnCh 

treatments in comparison with the U. Moreover, the total abundance of AOA also 

decreased with the application of the ZnCh fertilizer. Vasileiadis et al. (2012) reported 

that Zn application negatively affected the total abundances of both AOB and AOA, 

although AOB was found to be more susceptible, compared with no application of Zn. 

The higher abundances of AOB than AOA in fertilized soil (Carey et al., 2016; Ouyang 

et al., 2018) and in calcareous soils (Montoya et al., 2018; Tao et al., 2017) could be the 

cause of the larger effect of Zn on AOB. A reduction of ammonia oxidizers was also 

observed by Black et al. (2019) and Kapoor et al. (2015), who suggested that the Zn 

application produced a direct and detrimental effect on abundances of nitrifying genes 

that was not observed in control plots. In addition, several studies have reported that the 

application of Zn as a chelate-based fertilizer can also negatively affect the nitrification 

process (Hu et al., 2003; Montoya et al., 2018). Although we did not find any significant 

differences in AOB between ZnSul and ZnCh in our experiment, the latter treatment had 

the lowest mean value. Our results also suggest that the effect on nitrifiers was not related 

to the Zn application rate, because fewer copies of these genes were obtained with ZnCh 

(using 0.30 kg Zn ha-1) than with ZnSul (using 10 kg Zn ha-1). 
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The Zn-N co-fertilization also resulted in a reduction of the total abundance of the 

nosZ gene and, to a lesser extent, of the nirK gene. This detrimental effect on nosZ (‘N2O 

depleting’ denitrifiers) for the Zn-fertilized treatments in comparison with the U treatment 

can explain the increase of cumulative N2O emissions for these treatments, which was 

contrary to our initial hypothesis. These findings were in agreement with Ruyters et al. 

(2010), who suggested that Zn application may cause a stress on the nosZ-harbouring 

communities, resulting in an inhibitory effect on the last step of denitrification (i.e., N2O 

reduction). In this study, under conditions favourable for denitrification, the relative 

abundances of denitrifiers (nosZ versus nirK + norB) drove the effect of Zn fertilization 

on N2O losses. 

Glass and Orphan (2012) described that AMO, NirK and NosZ enzymes, involved in 

N2O emissions, contain Cu as co-factor. Copper availability in the soil could, therefore, 

affect the copy number of the nosZ gene (Sullivan et al., 2013). However, Zn-N fertilized 

plots had higher available Cu in the soil than the U treatment and so, this is not a plausible 

explanation for the reduction of amoA, nirK and nosZ genes. 

3.5.2 Effect of Zn-N co-fertilization on CH4 and CO2 emissions 

As occurs in most non-flooded agricultural soils, the soil acted as a net CH4 sink most 

of the time (Aronson and Helliker, 2010). Additionally, no significant differences were 

observed regarding the cumulative CH4 oxidation, neither for N nor Zn fertilizer 

application. Aerobic methanotrophs are largely dependent on the metaloenzymes, 

especially those based on Cu, although some studies indicated that other metals such as 

Fe or Zn could participate in these enzymes used by methanotrophs (Glass and Orphan, 

2012). The higher soil availability of Cu and Zn for treatments with a Zn source did not 

have any consequence for the CH4 oxidizers and neither did the lower Cu availability of 
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U treatments. Similarly, Montoya et al. (2018) using different sources of Zn in a wheat 

crop, did not find significant differences in CH4 oxidation. 

Zinc fertilization increased the CO2 emitted by the soil, despite the fact that these 

treatments decreased the total abundances of the bacterial and archaea populations. Hu et 

al. (2008) reported that root respiration contributed 92% of the soil respiration during the 

maize growth stage. The negative effect of Zn on microbial respiration in this vegetative 

stage of maize (V6-V8) was probably masked by the root respiration, which could have 

been enhanced by the Zn application.  

The net GWP and GHGI exhibited a similar pattern to that of N2O emissions, obtaining 

with the highest values for Zn sources, especially the ZnSul fertilizer. Our results are not 

in agreement with Pramanik and Kim (2017) and Montoya et al. (2018), who reported 

that Zn chelate-based fertilizer reduced total GWP in a submerged rice and in a rainfed 

wheat crops, respectively. Our results suggest, therefore, that the use of Zn fertilization 

should not be recommended to minimize the ratio of N2O emissions per kilogram of grain 

yield in irrigated maize cropping systems in Mediterranean areas. 

3.5.3 Response of Zn-N co-fertilization in irrigated maize 

Increasing the Zn concentration in maize grain through biofortification is important 

for humans and livestock, and a concentration higher than 22.1 mg kg−1 has been 

suggested by the USDA Nutrient Database (http://ndb.nal.usda.gov/ndb/). For the 

calcareous soil in this study, Zn grain concentration was below this value (mean of 14.5 

mg kg−1 for Zn0 treatments) and only the ZnSul treatment significantly increased the grain 

Zn concentration (by 12%) with respect to the Zn0 treatment (Table 4.9). Our results are 

in agreement with Cakmak and Kutman (2018), who reported that the response of soil-

foliar ZnSul application in maize increased the grain Zn content by only 9%. In addition, 

Hossain et al. (2008) suggested that the increase of grain Zn content in maize is only 
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possible up to a certain limit due to a strong influence of external factors (i.e., soil types, 

crop varieties). The special growth characteristics of maize plants (large and high) makes 

the foliar application difficult at the late growth stage, which is the most effective stage 

for Zn biofortification when using this type of fertilization (Liu et al., 2017b). For this 

reason, the available Zn concentration in the soil at this stage is important for increasing 

grain Zn concentration. The application of Zn fertilizers (independently of Zn source) 

attained the Zn availability threshold, although a 2nd foliar-soil fertilization was necessary 

for the ZnCh fertilizer (Table 4.7) to reach the critical value for soil Zn deficiency (≤ 1 

mg Zn kg-1 soil).  

During senescence, maize is known to re-translocate Zn to grain and N is the main 

factor stimulating this process (Barunawati et al., 2013). Our results show that the grain 

N content was not significantly different for the foliar-soil application of Zn-N fertilized 

treatments to the non-fertilized treatments. In fact, a large part of the Zn remained in the 

stover (Table 4.9). Zinc-N co-fertilization had a significant effect on stover Zn 

concentrations, especially for the combination with ZnSul treatment (68.1 mg Zn kg-1 for 

N0ZnSul and 94.6 mg Zn kg-1 for U-ZnSul). Taking into account that maize stover is 

often used as ruminant feed, a high Zn concentration is of interest for animal diets. 

Another important use of maize stover is its application to the soil as a source of C organic 

matter. In soils with low Zn availability, such as calcareous soils, this source of Zn could 

help to improve the availability of Zn in the soil for the subsequent crop in the rotation. 

Additionally, soil organic matter (SOM) may play a large role in mediating Zn 

availability. This is because Zn organic fractions can release organic compounds to the 

soil solution containing Zn chelates, ensuring Zn availability for longer periods (Alvarez 

and Gonzalez, 2006). The enhancement of SOM content in semi-arid soils, therefore, 
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should be encouraged to improve Zn availability whilst increasing soil quality and C 

sinks. 

4. Experiment 4 – Effect of urease and nitrification inhibitors on GHG emissions 
and N-cycling genes in a rape crop 

4.1 Environmental conditions and soil mineral N 

The mean soil temperature during the rape cropping cycle was 12.0°C (8.1°C the 

first month following N fertilization) (Fig. 4.18a). Total precipitation over the rape 

cropping cycle was 448 mm (236 mm the first 30 days following N fertilization), while 

cumulative rainfall in March during the last 10 years ranged from 4.4 to 86.0 mm. Water-

filled pore space ranged from 7.0 to 75.3% (Fig. 4.18b). During the first month following 

fertilization, WFPS was within the 50-75% interval. 

 

Figure 4.18. a) Daily rainfall (mm) and mean soil temperature at 10 cm during the experimental 
period and b) soil moisture content expressed as water filled pore space (WFPS %) during the 
experimental period. The black arrows indicate the N fertilization (27/02/2018). Vertical bars 
indicate standard errors. 
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Mineral N (i.e. NH4
+ and NO3

-) concentrations for each treatment are shown in Fig. 

4.18. Urea application increased soil NH4
+ concentration, with the highest value occurring 

10 DAF. Both NBPT-based treatments resulted in significantly lower average NH4
+ and 

NO3
- concentrations than the U treatment. With regards to the CAN-based treatments, 

mean NH4
+ content tended to be higher in the CAN+NI treatment than in CAN. Indeed, 

the highest NH4
+ concentrations (96 mg N kg soil-1) were obtained 6 days after N 

fertilization in the CAN+NI treatment (Fig. 4.18a). After 28 days, all fertilized treatments 

reached the base NH4
+ levels of the unfertilized control treatment. The NO3

- contents were 

higher in CAN than in U in the period 6-23 DAF, but on average both treatments were 

statistically similar. The highest NO3
- concentration was observed for CAN+NI in the 

period 0-10 DAF. 
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Figure 4.19. NH4
+-N (a) and NO3

--N (b) content during 100 days following N fertilization and 
the mean value for the experimental period for the different treatments: Urea (U), Urea + NBPT 
(UI), Urea + NBPT + DMPSA (U+DI), Calcium Ammonium Nitrate (CAN), CAN + DMPSA 
(CAN+NI), Control (C). Statistical differences at P ≤ 0.05 (LSD test) are indicated by different 
letters. Vertical bars indicate standard errors. 

4.2 GHG emissions 

4.2.1 Nitrous oxide emissions 

Nitrous oxide fluxes ranged from -0.52 to 7.13 mg N m-2 d-1. The addition of CAN 

and particularly U increased N2O emissions in comparison with the C treatment during 43 

DAF (Fig 4.20a). In both treatments, the highest emission was observed 99 days after N 

fertilization, immediately after the rewetting of soil as a consequence of a rainfall event of 

15 mm in May (Fig. 4.20a). During the crop period, cumulative N2O emissions for the U 



Chapter 4. Results and Discussion 

109 
 

treatment were 1.24 kg N ha-1, which were significantly higher than those of CAN (1.01 

kg N ha-1). Most of these emissions were associated with the final peak (after rewetting), 

representing 64% and 70% of the cumulative N2O emission during the crop period for the 

U and CAN treatments, respectively. 

Although, in general, fertilizers with inhibitors gave low N2O fluxes (similar to those 

of the C treatment) for most of the sampling dates, cumulative N2O fluxes were 

significantly smaller in the unfertilized plots (C) than in the fertilized plots when the whole 

cropping period was considered (Table 4.10). The UI and U+DI treatments significantly 

reduced N2O losses by 72% and 70%, respectively, in comparison with U. Similarly, 

cumulative N2O emissions were significantly smaller for the CAN+NI treatment than the 

CAN treatment, although this abatement was not significant (P < 0.05) during the period 

1-43 DAF. After the rewetting episode in May, the inhibitor-based treatments and the C 

treatments no significant enhancements of N2O emission fluxes were observed, in contrast 

to U and CAN. The N2O fluxes were positively correlated with NH4
+ concentrations (P 

= 0.0001, n = 18, r = 0.78). 
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Figure 4.20. Daily N2O (a), CH4 (b) and soil respiration (c) fluxes for the different treatments: 
Urea (U), Urea + NBPT (UI), Urea + NBPT + DMPSA (U+DI), Calcium Ammonium Nitrate 
(CAN), CAN + DMPSA (CAN+NI), Control (C). The dotted arrows indicate the fertilization 
event. Vertical bars indicate standard errors. 

 



Chapter 4. Results and Discussion 

111 
 

4.2.2 Methane, soil respiration and GWP 

Negative CH4 fluxes were generally observed throughout the rape cropping season. 

No significant differences between treatments were observed for cumulative CH4 

oxidation rates (Table 4.10). Maximum CH4 fluxes were reported on 7th June (the same day 

as the N2O emission peak) (Fig. 4.20). Fluxes of both GHGs were positively correlated 

(P = 0.0237, n = 19, r = 0.52).  

The differences in net GWP between treatments were strongly influenced by the N2O 

cumulative losses due to the higher weight of N2O on the GWP (Table 4.10). The addition 

of urease and/or nitrification inhibitors to urea or CAN significantly abated net CO2 

eq. emissions (Table 4.10), with no significant differences between inhibitor-based 

treatments. Both CAN-based treatments reduced CO2eq emissions with respect to U. 

Respiration rates ranged from 0.14 to 13.86 g C m-2 d-1. There were no significant 

differences in cumulative respiration fluxes between treatments. In addition, the CO2 

fluxes were not correlated with concentrations of neither NH4
+ nor NO3

-. 

Table 4.10. Cumulative emissions of N2O, CH4 and CO2 and global warming potential (GWP) 
for the different treatments: Urea (U), Urea + NBPT (UI), Urea + NBPT + DMPSA (U+DI), 
Calcium Ammonium Nitrate (CAN), CAN + DMPSA (CAN+NI), Control (C). 

Treatment 
N2O cumulative 

emission 
(kg N ha-1) 

CH4 cumulative 
emission 

(g C ha-1) 

CO2 cumulative 
emission 

 (10-3 kg C ha-1) 

GWP 
(kg CO2 ha-1) 

C 0.20 a -86.60 2.45 51.24 a 
U 1.24 d -15.27 2.28 327.22 d 
UI 0.35 b -54.53 2.11 91.89 b 

U+DI 0.37 b -82.43 3.33 96.14 b 
CAN 1.01 c -34.43 3.16 266.21 c 

CAN+NI 0.43 b -81.53 2.31 112.83 b 
S.E. 0.04 110 0.46 10.13 

P value 0.0000 0.9951 0.3633 0.0000 
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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4.3 Total abundances of nitrifying and denitrifying communities 

The total abundances of the total bacterial community (16SB) were similar for N 

fertilized treatments 23 DAF (Fig. 4.21a). However, the inhibitor treatments and CAN 

significantly decreased (by 27% on average) the 16SB abundance 38 DAF, in comparison 

with U. 

With regards to the nitrification gene 23 DAF, the number of copies of AOB was not 

significantly different between the CAN and U treatments. The total abundances of AOB 

were significantly lower by 17% and 24% in the UI and U+DI treatments, respectively, 

in comparison with U (Fig. 4.21b). The CAN+NI treatment also reduced the AOB 

abundances (by 50%) with respect to CAN (P < 0.05). At 38 DAF, the AOB abundances 

of inhibitor-based treatments were not significantly different to U or CAN. The AOB 

abundances in the U plots were lower 38 DAF than 23 DAF, but this was not observed in 

the CAN plots. 

The CAN treatment had similar values of total abundances of the nirK gene to those 

of U 23 DAF. The corresponding abundances of the nirK gene were reduced in UI and 

CAN+NI with respect to the fertilizers without inhibitors, but this was not observed for 

U+DI. At 38 DAF, however, CAN+NI had larger abundances of the nirK gene with 

respect to CAN (P < 0.05). The U treatment had lower abundances of nosZ gene than 

CAN (P < 0.05) and CAN+NI (32% reduction, P < 0.05), but higher than U+DI and UI. 

The effect of the inhibitors on the copy numbers of the nosZ gene 38 DAF was similar to 

that 23 DAF, although CAN had a significantly lower abundance of the gene encoding 

N2O reductase than the U treatment. 
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Figure 4.21. Copy numbers of 16SB (a), the amoA gene from AOB (b), nirK (c) and nosZ (d) 
genes for two sampling periods (23 DAF, t1 at WFPS 66% and 38 DAF, t2 at WFPS 34%) for 
the different treatments: Urea (U), Urea + NBPT (UI), Urea + NBPT + DMPSA (U+DI), Calcium 
Ammonium Nitrate (CAN), CAN + DMPSA (CAN+NI). Statistical differences at P < 0.05 (LSD 
test) are indicated by different letters. Vertical lines indicate the standard deviation from the mean. 
The scale of the Y-axes has been adapted in each case to improve the visualization of the data. 
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Denitrification, in terms of the nirK / nosZ ratio, 23 DAF was lower for the CAN (by 

11%) and UI (P < 0.05) treatments than for U (Fig. 4.22a). The DMPSA-based treatments 

resulted in the highest values of the nirK / nosZ ratio for both sampling periods (Fig. 

4.22a). The ratio between the gene encoding nitrification by ammonia oxidizers (AOB) 

to the gene encoding nitrous oxide reduction (nosZ) was significantly lower for CAN+NI 

compared with CAN 23 DAF (Fig. 4.22b). In addition, the UI and U+DI treatments 

reduced this ratio with respect to U. These effects, independently of the type of inhibitor, 

had disappeared 38 DAF. 

 
Figure 4.22. Abundance ratios of functional genes in denitrification and nitrification and nitrous 
oxide reduction. (a) nirK/nosZ ratio and (b) AOB/nosZ ratio, for two sampling periods (23 DAF, 
t1 at WFPS 66% and 38 DAF, t2 at WFPS 34%) for the different treatments: Urea (U), Urea + 
NBPT (UI), Urea + NBPT + DMPSA (U+DI), Calcium Ammonium Nitrate (CAN), CAN + 
DMPSA (CAN+NI). Statistical differences at P < 0.05 (LSD test) are indicated by different 
letters. Vertical lines indicate the standard deviation from the mean. 
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4.4 Crop Yield Parameters 

Nitrogen-fertilized treatments (with and without inhibitors) increased grain and straw 

yields compared with unfertilized C (Table 4.11). The CAN+NI treatment gave the 

numerically highest grain yield, but differences to other fertilized treatments were not 

statistically significant. The greenhouse gas intensity (GHGI) was highly influenced by 

N2O emissions due to the lack of significant differences between treatments for grain 

yield. The results show that all treatments involving inhibitors significantly reduced the 

GHGI with respect to U or CAN alone (Table 4.11). In addition, the CAN treatment had 

a lower GHGI than U (P < 0.01). 

Table 4.11. Grain and straw yield, and greenhouse gas intensity (GHGI) for the different 
treatments: Urea (U), Urea + NBPT (UI), Urea + NBPT + DMPSA (U+DI), Calcium Ammonium 
Nitrate (CAN), CAN + DMPSA (CAN+NI), Control (C). 

Treatment Grain yield 
(kg ha-1) 

Straw yield 
(kg ha-1) 

GHGI   
(g CO2-eq kg grain-1) 

C 2578 a 2715 a 22.01 a 
U 4481 b 5278 b 82.85 c 
UI 3906 ab 3861 ab 23.55 a 

U+DI 4861 b 4849 b 20.77 a 
CAN 4208 ab 4870 b 65.33 b 

CAN+NI 5233 b 5377 b 23.47 a 
S.E. 550.01 580.20 2.82 

P value 0.0531 0.0403 0.0000 
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. 

4.5 Nitrogen and oil contents 

With regards to grain and straw N content (Table 4.12), which also give information 

about protein content, all fertilized treatments increased these parameters with respect 

to C, but differences were not statistically significant.  Oil content in grain ranged 

from 43 to 46% depending on treatment. The inhibitor-based treatments had similar oil 

contents to C (Table 4.12), whereas the CAN and U treatments had significantly lower oil 

contents than C. However, the C treatment had the lowest grain oil yield per crop than the 

N-fertilized treatments (P < 0.05). In addition, the DMPSA-based treatments increased the 
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oil yield with respect to U and CAN, with this increase being significant for the CAN+NI 

treatment (Table 4.12). 

Table 4.12. N content in grain and straw, and oil content in rape for the different treatments: Urea 
(U), Urea + NBPT (UI), Urea + NBPT + DMPSA (U+DI), Calcium Ammonium Nitrate (CAN), 
CAN + DMPSA (CAN+NI), Control (C). 

Treatment N grain  
(%) 

N straw 
(%) 

Oil content 
(%) 

Oil yield  
(kg oil ha-1) 

C 3.63 1.56 45.59 b 1001 a 
U 3.62 1.69 43.90 a 1750 b 
UI 3.77 1.70 45.41 b 1773 b 

U+DI 3.66 1.70 46.11 b 1876 b 
CAN 3.81 1.85 43.20 a 1680 b 

CAN+NI 3.64 1.59 45.33 b 2206 c 
S.E. 0.09 0.14 0.39 96.57 

P value 0.5188 0.7673 0.0014 0.0000 
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. 

4.6 Discussion 

4.6.1 Soil mineral N evolution 

The frequent rainfalls after fertilization (92 mm during 0-10 DAF) rapidly dissolved 

the fertilizer granules, mobilizing part of the N to below 10 cm depth. Although the 

mobility of NO3
- and urea is higher than that of NH4

+ due to the adsorption of this cation 

to the soil colloid, in the case of CAN, low NH4
+ concentrations were observed 6 and 10 

DAF (i.e., < 20 mg NH4
+-N kg-1 in this period). The high nitrification rate of this 

calcareous soil (Guardia et al., 2019) probably contributed to this rapid reduction. The 

application of DMPSA with CAN significantly increased the NH4
+ concentration in the 

0-10 cm soil layer in these first samples, corroborating that this organic compound 

effectively inhibits NH4
+ nitrification.  In the case of U, the rapid hydrolysis of urea to 

NH4
+ facilitated the adsorption of NH4

+ in the upper soil layer leading to a maximum 

concentration for this ion 10 DAF (Fig. 4.19). 

Simultaneous application of NBPT with urea retarded urea hydrolysis, facilitating its 

incorporation into the soil during the rainfall events. We speculate, therefore, that for the 
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UI treatment a large proportion of the urea could be mobilized below the first 10 cm of 

the soil before being hydrolysed. This contributed to maintain the low NH4
+ and NO3

- 

concentrations (with respect to U) in the upper part of the soil during the first days after 

fertilizer application. A similar result was also observed in the U+DI treatment due to the 

effect of NBPT and without, apparently, an effect of DMPSA. The co-location of the NI 

and NH4
+ (or NH4+ source) in the soil is important in terms of inhibitor efficacy (Marsden 

et al., 2016). Under the conditions of our experiment, the large amount of rainfall during 

the days following application probably resulted in different mobilities for DMPSA and 

for NH4
+, reducing the potential efficiency of the inhibition. Since the soil concentration 

of DMPSA was not measured in this study, it was not possible, therefore, to quantify this 

effect. 

4.6.2 Effect of N source on N2O emissions 

To discuss the N2O emission results it is necessary to take into account the pattern of 

fluxes observed in Fig 4.20a. Three different periods need to be considered: the first 

period from 0 to 43 DAF, a second period from 44 to 85 DAF and a third period from 86 

to 114 DAF. During the first period, soil WFPS was higher than 30% until 43 DAF and 

then, in the second period, subsequently decreased to 10% (44-86 DAF) (Fig. 4.18b). The 

third period started with a rewetting of the soil as consequence of rainfall, leading to a 

maximum WFPS of 50% 100 DAF. Figure 4.23 shows the cumulative N2O emissions for 

each period for the different treatments. 
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Figure 4.23. Cumulative N2O emissions for three different periods. The first period is 0-43 DAF, 
the second period is 44-85 DAF and the third period (after rewetting) is 86-114 DAF. Statistical 
differences at P ≤ 0.05 (LSD test) are presented by different lowercase letters for each period. 
Vertical lines indicate the standard errors. 

During the first period, CAN and especially U significantly increased N2O emissions 

with respect to the non-N fertilized treatment. This enhancement was mostly maintained 

during 6-20 DAF for CAN and during 15-38 DAF for U.  The cumulative N2O emission 

in this first period was 0.23 kg N ha-1 for CAN, which was significantly lower than that 

of U (0.33 kg N ha-1). The application of DMPSA to CAN did not have any significant 

effect on total N2O emissions in this first period. This low mitigating effect has not 

previously been observed in other studies such as those of Guardia et al. (2017a)  and 

Recio et al. (2018) for irrigated maize in the same area, who observed a significant 

reduction of 58% and 40%, respectively. In this experiment, the large amount of water 

added as consequence of rainfall, which was higher than for the irrigated maize in the 

period 0-10 DAF, probably led to a large part of the NH4
+ and NO3

- being mobilized to 

deeper soil layers, as previously commented. The N2O produced from deeper in the soil 

(i.e., > 10 cm) probably did not contribute much to the surface N2O flux because it could 
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have been consumed with the soil before being emitted (Wang et al., 2018).  

The addition of NBPT or the double inhibitor (NBPT+DMPSA) also had a significant 

effect of reducing N2O emissions in this first period with respect to urea alone, with no 

significant differences between them. Also in this case, the high rainfall following 

application conditioned these results. As previously commented, the urease inhibitor 

probably retarded the urea hydrolysis facilitating its mobility to a deeper layer. We also 

speculate that part of the N2O produced in this deeper zone was also consumed before 

reaching the surface.  

Results for the third period clearly conditioned the total N2O emission of the crop 

system for some of the treatments. Both the CAN and U treatments had in a similar 

rewetting pulses of 0.71 and 0.79 kg N ha-1, respectively, that accounted for 70.3 % and 

63.7% of total cumulative N2O emissions. Fertilizers with inhibitors, independent of the 

type of inhibitor and N source, significantly reduced total fluxes in this period (with fluxes 

ranging from 0.03 to 0.15 kg N ha-1). These emissions were not significantly higher than 

the C treatment (0.05 kg N ha-1), except for the UI treatment. In general, the application 

of water to dry soils produces a short-lived pulse of N2O emission, which has been 

previously observed in tropical (Breuer et al., 2000; Dick et al., 2001; Scholes et al., 1997) 

and semi-arid climates (Guardia et al., 2019, 2018). The reactivation of nitrifying and 

denitrifying microorganisms in the soil after rewetting is often the main cause of this 

pulse as also observed by Bergstermann et al. (2011) and Leitner et al. (2017). This 

pattern of N2O emission is an important challenge in semi-arid agro-ecosystems, where 

specific mitigation practices must be adopted considering the relevance of rewetting 

pulses. More discussion about the emissions associated with rewetting is included in 

Chapter 5. General Discussion section 2.  
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The use of CAN significantly mitigated the N2O emissions factor with respect to U 

(by 19%, Table 4.10) but to a lower extent than UI and U+DI (P < 0.05). These results are 

not valid for other agroecosystems (e.g. grasslands in humid temperate areas), for which 

CAN normally results in higher N2O losses than U (Cowan et al., 2020). We suggest that, 

the use of CAN should be used in Mediterranean semi-arid regions instead of U, even 

in contrastingly managed cropping systems (e.g., rainfed and irrigated). 

With regards to the urease inhibitor treatments, the UI significantly decreased (by 

72%) cumulative N2O emissions in comparison with U (Table 4.10). This reduction is 

lower than that observed by Abalos et al. (2012) (85%) in a rainfed barley field and higher 

than that of Sanz-Cobena et al. (2012) (27% as a mean value of two consecutive 

seasons) under irrigated conditions. As observed by Guardia et al (2018) in a rainfed 

winter crop in the same area, the double inhibitor (U+DI) was not more effective than 

NBPT alone (Table 4.10). As previously commented, this large mitigation effect of the 

NBPT-based treatments could be due to the unusual weather conditions during 10 days 

following fertilizer application.  For CAN+NI, cumulative N2O emissions for the whole 

crop period were 57% lower than that of CAN. This effect was mainly associated with the 

mitigation of the rewetting pulse. 

4.6.3 Processes involve in the N2O production 

The WFPS during the period 0-38 DAF may have driven the processes involved in 

production of N2O. The WFPS values may have favoured the predominance of coupled 

nitrification denitrification (Pilegaard, 2013). Although nitrification is more relevant at 

WFPS < 60%, the positive correlation between the N2O fluxes and NH4
+ concentration 

(see section 4.2.1) suggest that nitrification was also a crucial process in this study (66% 

WFPS in the period 0-23 DAF). In fact, the gene results show that the DMPSA-based 

treatments led to a significant decrease in the total abundances of AOB in comparison with 
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the CAN or U treatments. Recently Corrochano-Monsalve et al. (2019) found that 

DMPSA inhibits the growth of AOB, confirming that DMPSA is a highly specific NI that 

focuses its activity on nitrifying communities. Taking into account that the molecular 

structure of DMPSA is similar to that of DMPP, we speculate that similarly to DMPP, 

DMPSA can act as a chelating compound reducing the availability of Cu, a cofactor 

required for the activity of the ammonia monooxygenase enzyme (Ruser and Schulz, 

2015), although the specific inhibition mechanism remains unclear. 

The NBPT-based treatments also decreased AOB with respect to U, although 

significant differences were only observed with the U+DI treatment, which also included 

DMPSA. Although information on the effect of NBPT on nitrifiers is scarce, recently, 

Castellano-Hinojosa et al. (2019a) found that NBPT significantly reduced AOB at WFPS 

of 50%. As urea probably favoured the increase of AOB (Castellano-Hinojosa et al., 

2019a) during a short period of time the lower urea concentrations in the upper soil layer 

as consequence of the NBPT, as previously discussed, could have been the main reason 

for the lower total abundance of AOB.  

With regards to the denitrifying communities, DMPSA (with CAN) significantly 

decreased the total abundances of the nirK and nosZ genes at 66% WFPS, and the 

abundances of the nosZ gene only when it was combined with urea. By contrast, Torralbo 

et al. (2017) demonstrated that DMPSA can stimulate nosZ expression at 80% WFPS 

(these results were not observed at 40% WFPS), whereas Corrochano-Monsalve et al. 

(2019) concluded that a threshold WFPS value of 48% was needed to obtain a significant 

increase of this gene. Nowadays, the mechanism used by DMPSA on denitrifying 

communities has not been clarified, our results suggested two possible options: 1) 

DMPSA can act as a chelating compound reducing the availability of Cu (due to the 

enzymes encoding the nirK and nosZ genes contain Cu as co-factors  (Glass and Orphan, 
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2012)), consequently affecting the activity of denitrifier enzymes encoded by these genes; 

or 2) an indirect effect on denitrifiers due to the lack of  substrate (NO3
-) derived from the 

inhibition of nitrification, in addition to the low conditions of WFPS for the denitrification 

process. However, more studies are needed to elucidate the mechanism used.  

In the case of the UI, the total abundances of nirK and nosZ were significantly lower 

than for U 23 DAF (Fig. 4.21c and d). This result is the opposite to that of Castellano-

Hinojosa et al. (2019a), who suggested that the UI did not affect the copy number of the 

nosZ gene at 50% WFPS, but is in agreement with Shi et al. (2017), who have observed 

a decrease in the abundance of nirK genes below a WFPS of 60%. 

As indicated above, all the inhibitor-based treatments reduced the fluxes produced 

after rewetting. We speculate that the abundance of both nitrifiers and, especially, 

denitrifiers (Uchida et al., 2014) in the U or CAN treatments was probably higher than 

those of the inhibitor treatments, even after three months following application. Similarly, 

Guardia et al. (2017b) observed a residual effect of DMPSA on N2O emission in a second 

campaign, although this effect was not observed for the NBPT treatment. However, the 

nitrifying and denitrifying communities were not studied after rewetting, and so it is not 

possible to confirm this. 

4.6.4 Effect of inhibitor-based fertilizers on CH4 and CO2 emissions 

A clear net CH4 sink was observed on almost all gas sampling dates (Fig. 4.20b). 

Several previous studies have suggested an inhibition of CH4 consumption by 

methanotrophs due to competitive inhibition of the enzyme responsible for CH4 oxidation 

(CH4 monooxygenase) by ammonia monooxygenase (Dunfield and Knowles, 1995). 

Aronson and Helliker (2010) suggested that the effect of N fertilization on CH4 uptake is 

dependent on the N rate: small additions (< 100 kg N ha-1) tend to stimulate CH4 

oxidation, whereas large additions are inhibitory. Conversely, in this experiment (in 
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which the N rate applied - 120 kg N ha-1 - was close to the 100 kg N ha-1 threshold) 

the cumulative CH4 sink was statistically similar in all treatments (Table 4.10), 

including the control. Therefore, neither the inhibitors nor the N fertilizer affected CH4 

uptake. 

With regards to the CO2 emitted by the soil, the inhibitor-based fertilizers gave similar 

values to those of U treatment. Indeed, these treatments maintained the total abundances 

of the bacterial populations (Fig. 4.21a). To fact that, the maximum CO2 fluxes coincided 

with the rape stage with highest root respiration and growth rates (flowering) suggest that 

a large fraction of the emitted CO2 could have been produced by the roots, which is in 

agreement with Liang et al. (2016) and Wang et al., (2019).  

4.6.5 Effect of inhibitor-based fertilizers on crop yield and crop quality 

Nitrogen fertilizers increased grain and straw yields, but no significant differences 

between fertilizer treatments were found. However, the DMPSA treatment (applied with 

CAN) numerically increased the grain and straw yields (by 24% and 10%, respectively) 

with respect to CAN (Table. 4.11). This finding is in agreement with Recio (2019), who 

found that the NI treatment increased grain and straw yields by 16% and 21%, 

respectively, compared with U (P < 0.05). In any case, further investigation is required to 

confirm these results, with a particular focus on different N rates, since the effect of 

inhibitors is expected to be masked when the N rate applied meets or even exceeds crop 

demand. 

Increasing the oil content in rape is an important challenge for meeting future 

challenges (increase in the world population and renewable energy policies), (Lu et al., 

2011). Several studies (Barłóg and Grzebisz, 2004; Rathke et al., 2006, 2005) have 

reported that the increase of grain yield with the use of N-fertilizers leads to a decrease in 

oil content. According to Taylor et al. (1991) and Rathke et al. (2006) a high N-supply 
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(200 kg N ha-1) decreased oil content (P < 0.05), while no N-fertilization gave the highest 

values. Since crop oil yield is most important, N fertilization significantly enhanced the 

oil yield in comparison to non-fertilizer treatment (Table 4.12). In fact, the increase in oil 

yield ranged from a factor of 1.7 to 2.2 with respect to the C treatment. From an agronomic 

point of view, the highest efficiency in oil yield was obtained with CAN+NI, which gave 

a 31% higher oil yield than CAN alone (Table 4.12).   

4.6.6 Sustainability factors 

Mitigation strategies that can potentially be acceptable to farmers must maintain or 

enhance crop yield, which is essential in a context of global change and increasing 

food demand (Sanz-Cobena et al., 2014). In this sense, the GWP and the GHGI (Shang et 

al., 2011) factors consider the combined effect of N2O and CH4 emissions (expressed as 

CO2eq) to estimate the global impact of the system. Our results demonstrate the high 

efficacy of DMPSA when applied with U or CAN, with and without NBPT, for the 

mitigation of GWP and GHGI. The use of nitrification and/or urease inhibitors or the 

substitution of U by CAN should, therefore, be recommended to minimize N2O 

emissions per kilogram of oil and, consequently, to increase the sustainability of rainfed 

rape cropping systems in Mediterranean areas, without apparent crop quality penalties. 

The significant increment of oil yield for CAN+ NI is clearly an additional economic 

incentive for the use of this NI under the conditions of our study. 
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1. Emission factors associated with the mitigation strategies of this thesis 

Agriculture is the main contributor to the release of N2O emissions to the atmosphere 

and so it is essential to evaluate its impact on the emissions in a specific area. The N2O 

emissions can be estimated as the percentage of fertilizer N applied that is transformed 

and emitted as N2O per unit of soil surface area. This is known as the emission factor 

(EF). According to Egleston et al. (2006), a default EF value of 1% of the N input from 

mineral fertilizer has been proposed. However, various meta-analyses (Cayuela et al., 

2017; Chadwick et al., 2018; Kim et al., 2013) have reported that the response of direct 

N2O emissions to N input is lower than this default value, and is strongly influenced by 

the environmental and management factors such as fertilizer or crop type. 

With regards to the Zn-N co-fertilization (Experiments 2 and 3), our results 

demonstrate that the N2O EFs of the N-fertilized treatments had values ranging from 0.0% 

to 0.08% in rainfed and 0.3% to 0.7% in irrigated conditions (Table 5.1), which are lower 

than the reported EFs for a rainfed wheat crop (0.26%) and irrigated maize (0.8%) in 

Mediterranean areas (Cayuela et al., 2017). The EFs obtained for wheat in the present 

study were even lower than those obtained by Guardia et al. (2019, 2018) in a wheat crop 

in the same experimental area (≤ 0.20%). Although the emissions of N2O were lower in 

the Zn-N co-fertilized soil with N120ZnCh, its mitigation capacity is not high due to the 

low N2O EF for the U treatment. 

In the irrigated maize crop (Experiment 3), the N2O EF of the U treatment (0.36%) 

was also lower than that observed by Guardia et al. (2017b) using a sprinkler irrigation 

system in maize (0.77%) in the same region. The co-fertilization of maize with a Zn 

source increased the N2O EFs, which ranged from 0.52 to 0.72%. Since it is necessary to 

include a Zn source to optimize grain yield in Zn-deficient soils, the selection of an 

appropriate Zn source is important because different sources may lead to different EFs. 
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This is demonstrated by our experiment, in which the EFs obtained with the Zn chelate 

fertilization were lower than those for the traditional ZnSO4 (Table 5.1). 

With regards to N2O EFs for a rainfed rape crop (Experiment 4), the use of N-enhanced 

efficiency fertilizers (UI or NI) gave lower N2O EFs (0.12-0.14%) than U alone (0.86%). 

This value obtained for U was higher than the average EF for Mediterranean areas (0.5%) 

and the specific Mediterranean EF for rainfed crops (Table 5.1), in part due to the 

frequent rainfall following fertilization and especially because of the rewetting effect 

during the grain filling period. The use of CAN also reduced the N2O EF (0.67%) with 

respect to U (0.86%), although this treatment did not mitigate the rewetting effect. 

Accordingly, with the N2O EFs in this thesis, we contribute to the evidence that the 

average EF for cumulative N2O emissions in Mediterranean cropping systems is lower 

than the IPCC Tier I default value (1%). This is an important and beneficial characteristic 

of these agrosystems because their C footprint is, consequently, also lower than that of 

other climatic regions. 
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Table 5.1. Emission factors and cumulative N2O emissions during the crop period for the N-based 
treatments applied in Experiments 2, 3 and 4 and their reference values from the meta-analysis of 
Cayuela et al. (2017). 

Experiment Treatment EF 
 

(%) 

Cumulative N2O 
emission 

(kg N ha-1) 

2 
N120 (Urea) 0.03 0.23 

N120ZnHuFu 0.08 0.30 
N120ZnCh 0.00 0.17 

3 
U 0.34 0.80 

U-ZnSul 0.72 1.56 
U-ZnCh 0.52 1.16 

4 

U 0.86 1.24 
UI 0.12 0.35 

U+DI 0.14 0.37 
CAN 0.67 1.01 

 CAN+NI 0.19 0.43 

 

 

 

 

Reference values 
Cayuela et al. 

(2017) 

Water management: 
Rainfed 

Irrigation 
Sprinkler irrigation 

 
0.27 
0.63 
0.91 

 

Crop type: 
Wheat  
Maize 
Other 

 
0.26 
0.83 
0.50 

Type of Fertilizer: 

Urease and nitrification 
inhibitor 

Synthetic fertilizer 

 
 

0.14 
0.50 

2. Pulsing effect associated to rewetting of soil 

In Mediterranean areas, the distribution of rainfall strongly affects N2O fluxes. 

Rainfall that occurs after long periods of drought can lead to high N2O emissions. During 

the crop period, these pulses are not frequent since crop development normally occur 

when soil WFPS is above a threshold value, corresponding to the wilting point. In fact, 

in the rainfed wheat crop during the 2015-2016 campaign (Experiment 2), no rewetting 

pulse was observed, although the WFPS decreased to 20% before rewetting (Fig. 4.5). In 

rainfed rape (Experiment 4), however, we detected an important pulsing effect (Fig. 

4.22a) due to the rewetting of soil after a rainfall event. In this case, the WFPS of the soil 
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before rewetting was about 7% for several days, increasing to 51% in a short period of 

time after the rainfall event. The intensity of this peak was strongly dependent on the 

fertilizer treatment and, mainly, on the use or not of urease and nitrification inhibitors 

several months before. These pulses can be due to the accumulation of mineral N in dry 

soils and the reactivation of water-stressed bacteria after rainfall events (Sanchez‐Martin 

et al., 2010). The relative contributions of specific microbial processes (e.g., nitrification, 

denitrification and nitrifier denitrification) to N2O fluxes following rewetting is still 

poorly understood, although several studies have found that denitrification is a major 

contributing process (Groffman and Tiedje, 1988; Priemé and Christensen, 2001). In a 

lab experiment, Bergstermann et al. (2011) simulated a rewetting combined with NO3
- 

application, which demonstrated that following rewetting under favourable conditions for 

denitrification, N2O was initially increased, reaching a maximum 3-4 days later, whereas 

N2 production also occurred but with a delay of 1-2 days. Sanchez-Martín et al. (2010) 

also suggested that denitrification was an important pathway after rewetting at WFPS > 

60%, since the ratio of NO/N2O < 1 (this ratio is lower than 1 under denitrification 

conditions). Under the conditions of our experiment, nitrification was probably the main 

pathway for this pulse, because N2O emissions were inhibited in treatments with DMPSA 

or NBPT, which have been shown inhibit nitrification in the first weeks after application. 

Our hypothesis is that the abundances of AOB in these soils remained below the 

abundances of the soil treated only with U or CAN. Additional experiments would be 

needed to evaluate this hypothesis. In the no N application treatment (C), the pulse was 

also very low suggesting that the residual mineral N did not stimulate N2O production 

processes. Beare et al. (2009) found that compaction of soil has a great influence on the 

intensity of this pulse, observing a N2O peak 20 times higher in compacted than in un-

compacted soils. The pulse in our experiment occurred 9 months after tilling and so the 
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soil was compacted, which facilitated the pulsing effect. In the maize crop under irrigated 

conditions (Experiment 3), the continuous drying-rewetting cycles (Fig. 4.12b) did not 

result in a large pulsing effect on the GHG fluxes, probably because WFPS was always 

above the wilting point (20% WFPS) in the upper of soil. Based on our results, therefore, 

we can conclude that a low WFPS (<10%) during several days was needed to detect a 

significant pulse of N2O after rewetting. 

An enhancement of CH4 and CO2 emissions was also observed after rewetting in the 

rainfed rape (Fig. 4.22b and c), but it was smaller than that of N2O. The mechanisms 

underlying the dynamics of the CH4 fluxes following rewetting are complex because they 

are involved in the response of both the methanogenesis and methanotrophy processes. 

These processes are affected by changes in the availability of substrates, the soil 

environment, particularly soil moisture, and the availability of electron donors and 

acceptors, which determine the redox state of the soil. In the case of CO2, the microbial 

metabolism increases after rewetting, leading to an increase in CO2 fluxes. 

In a Mediterranean climate, the soil is dry in summer. The first rainfall in autumn or 

a heavy rainfall in summer can contribute to production of large pulses of N2O, which 

can contribute a high percentage of the EF. In the coming decades, an increase in rainfall 

variability is expected in these areas due to the climate change. This increased variability 

could enhance the number and intensity of pulses after rewetting, even during the crop 

period. The development of mitigation practices that reduce the importance of this effect 

is, therefore, an important challenge. 

3. Is it possible to know the origin of N2O emissions through the study of N cycling 
genes? 

Soil is considered an important and complex reservoir of microbial genetic diversity 

(Curtis et al., 2002). The strong binding of microorganisms to soil particles reduce access 

to bacteria communities (Robe et al., 2003). The molecular analysis of soil bacteria has 
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been based on the amplification of 16S rDNA (Wintzingerode et al., 1997). However, 

these methods require DNA extracts free of inhibitor compounds that can be found 

environmental samples (Wilson, 1997). Quantitative PCR amplification, therefore, has 

been used in this thesis to estimate the size of nitrifying and denitrifying communities. 

This method has many advantages (e.g., its precision and applicability to small amounts 

of DNA) but does not have the capacity to discriminate between living or dead cells due 

since it uses DNA instead of ribonucleic acid (RNA). The presence of a gene in the 

population is not a guarantee that this gene has been transcribed, or that the protein is 

active. In fact, the DNA molecule persists even if the cell is dead. The soil sampling date 

for the DNA extraction, therefore, is a critical variable in the study of microbial 

communities. In Experiment 2, we observed large changes in the abundances of nitrifiers 

and denitrifiers a few days after fertilization, although a similar but larger effect was 

observed 29 DAF. In Experiment 3, these differences between treatments were also 

observed more clearly 20 DAF (sampling date of July 4th) than 5 DAF (sampling date of 

June 19th). Oher authors (Corrochano-Monsalve et al., 2019; Torralbo et al., 2017) have 

taken soil samples for DNA extraction in the range of 8-51 DAF. Castellano-Hinojosa et 

al (2020) found significant effects in the period 1-60 DAF. The total oxidation of NH4
+ 

to NO3
- by bacterial ammonia monooxygenase (AMO) requires a period that depends on 

soil proprieties and environmental conditions (more or less favourable for the nitrification 

process), which could explain the wide range of soil sampling times after a N input event. 

With regards to nitrifiers, for instance, Verhagen and Laanbroek (1991) assumed that 

more information from the DNA related to the bacterial ammonia monooxygenase 

(AMO) was obtained when the available NH4
+ was completely reduced (at 15 DAF). 

Similarly, our results suggest that a period of at least 20 DAF was necessary to obtain the 

most information on microbial communities, because a large amount of NH4
+ was 
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nitrified in this period. Consequently, we can assume that the effect of N inputs on 

microbial population can be observed in the short term, although this effect persists over 

time (at least until 40 DAF). 

Fertilization strongly affect N2O emission in agricultural soils. This variation in N2O 

fluxes is linked to changes in the abundance and activity of nitrifiers and denitrifiers, as 

observed in Experiments 2, 3 and 4 of this thesis. In order to analyse this effect, Table 5.2 

includes information for each fertilizer treatment on whether N2O emissions, total 

abundances of microbial populations and the targeted genes associated with nitrification 

and denitrification pathways were higher, equal or lower than the urea (U) treatment (with 

no Zn application) for the same experiment. From this analysis it is clear that the total 

microbial population (16SB and 16SA) was only affected by the Zn-N co-fertilization 

under irrigated conditions, but not when different sources of N (including urease and/or 

nitrification inhibitors) or Zn-N co-fertilization were used under rainfed conditions. In 

Chapter 4. Results and Discussion, section 3.5.1, the possible effect of the Zn fertilization 

on these values in an irrigated maize is discussed. There is no clear effect of Zn-N co-

fertilization on microbial communities and, therefore, more studies are needed under 

different moisture conditions to study these relationships. In the case of the NI and UI, 

we did not observe any effect with respect to U. This observation was not in line with 

Castellanos-Hinojosa et al. (2020), who reported that the NBPT and DMPP inhibitors 

combined with urea as a N source led to lower copy numbers of bacteria and archaea. 

The results for the bacteria and archaea amoA gene (AOB and AOA, respectively) 

lead to the conclusion that most of the Zn treatments reduced the abundance of AOB in 

comparison with U, whereas no effect was observed in AOA, with the exception of 

N120ZnHuFu, which increased both AOB and AOA. The effect of the organic Zn source 

(ZnHuFu) on AOA agrees with the findings of Zhou et al. (2015), who observed that 
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organic N sources stimulate the abundances of AOA. AOB may produce higher N2O 

emissions than AOA (Hink et al., 2017). This assumption coupled with the fact that the 

abundance of AOB is higher than AOA in this soil, suggests that the effect of the Zn 

treatments on N2O production from nitrification is mainly due to the bacteria amoA gene. 

Additionally, as part of the N2O formed in aerobic microsites from this biological process 

could be consumed through denitrification in anaerobic microsites, the net emission of 

N2O from nitrification, therefore, will normally be lower than that produced. The ratio 

amoA/nosZ (Table 5.1) can be used to study this combined effect. A smaller value for this 

ratio, with respect to U, indicates that a larger amount of N2O gas produced from 

nitrification is being transformed to N2. As the nosZ gene catalyses the reduction from 

N2O to N2, the lower ratio observed for the treatment with Zn-chelate (N120ZnCh) in 

rainfed wheat suggests that this process contributed to reduce the total N2O emissions. 

By contrast, the treatment with Humic/Fulvic acids (N120ZnHuFu) increased this ratio, 

thus justifying the higher N2O emissions with respect to the U treatment.  

In the case of irrigated maize, the amoA/nosZ ratio was also reduced with Zn sources 

and so a large reduction in N2O fluxes would expected. However, this is not the case. The 

explanation used for rainfed wheat crop is not, therefore, consistent for irrigated maize. 

Since the high moisture conditions following irrigation (Fig. 4.12) also favoured 

denitrification in the upper part of the soil, the genes involved in this process should be 

taken into account. With regards to the Zn-based treatments in Experiment 3, the copy 

number of the nirK gene was lower for these treatments than for U, indicating that 

denitrifier communities were reduced and, consequently, so was the N2O produced by 

this process. However, these treatments increased the nirK/nosZ ratio to 1.00 and 0.92 for 

U-ZnCh and U-ZnSul, respectively, with respect to U (0.2), which indicates that the 

decrease in the nosZ gene was higher than that of the nirK gene. As a consequence of this 
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large increase in this ratio for the Zn treatments, the transformation from N2O to N2 was 

reduced and, therefore, the total N2O emission was higher for these treatments.  

In Experiment 4 (rainfed rape crop), we did not quantify the total abundances of the 

archaea amoA gene because it is known that NIs do not affect AOA abundances (Di et 

al., 2014; Torralbo et al., 2017) due to the substantial cellular and genetic differences 

between AOB and AOA (Shen et al., 2013). The urease and/or nitrification inhibitors, 

however, decreased AOB abundances with respect to U (Table 5.1). Additionally, the 

AOB/nosZ ratio also decreased for these inhibitor treatments, with respect to U (Fig. 

4.22a and Table 5.1), with the lowest value for CAN+NI.  We could, therefore, assume 

that a possible inhibition effect on nitrification occurred and that the N2O losses 

associated with this biochemical process were reduced. With regards to the denitrifying 

communities, the urease and/or nitrification inhibitors significantly decreased total 

abundances of the nirK and nosZ genes, and only the abundances of nosZ gene when 

U+DI was applied, with respect to U. These results suggest that the inhibitors could also 

have an adverse effect on denitrifiers, probably as a consequence of a reduction in the 

substrate (NO3
-). In addition, the DMPSA-based treatments had the highest nirK/nosZ 

ratio (Table 5.1), which could suggest that although the N2O produced from 

denitrification was lower than for the U treatment, complete denitrification was not 

achieved. Our main finding for the treatments with DMPSA is, therefore, that the 

mitigation of the N2O emission is a consequence of the lower nitrification rate. 

Interestingly, the UI treatment had in the lowest nirK/nosZ ratio, thus being the treatment 

that most efficiently reduced N2O to N2 through complete denitrification. In addition, this 

ratio was lower for CAN (Table 5.1), thus justifying the assumption that CAN decreases 

cumulative N2O emissions mainly through the increased reduction of N2O to N2 with 

respect to U (Table 5.1). 
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As has observed in this thesis the effect of fertilizer treatments on the copy number of 

nosZ is an important issue and agricultural strategies that aim to increase its abundance 

in soil could result in very efficient N2O mitigation practices. It is known that N2O fluxes 

and ratios of N2O/(N2 + N2O) are inversely correlated with the abundance and 

transcription of the copy number of nosZ, in field-scale and microcosm studies (Harter et 

al., 2014; Philippot et al., 2009) and are regulated by community structures of the nosZ-

containing denitrifiers in agricultural fields (Cavigelli and Robertson, 2000). In this thesis 

the effect of Zn chelate on the nosZ gene was different depending on whether the 

conditions were rainfed (Experiment 2) or irrigated (Experiment 3). Taking into account 

that Cu is a co-factor of the nosZ gene, we could hypothesize that the abundance of this 

gene is associated with Cu availability in the soil. However, the results obtained in 

Experiment 2 in a rainfed wheat crop (e.g., less Cu availability and high the nosZ 

abundance for the N120ZnCh treatment or high Cu availability and high nosZ abundance 

for the N120ZnHuFu treatment) and in Experiment 3 in an irrigated maize crop (e.g., high 

Cu availability and less nosZ abundance for the ZnCh treatment) are contradictory. In the 

case of Experiment 4 (rainfed rape), the application of the nitrification inhibitor (DMPSA) 

reduced in the nosZ gene. We suggested that one of the possible explanations could be 

the chelation effect on the available Cu. However, this chelation mechanism was not 

observed by Torralbo et al. (2017), who reported an increase of the nosZ gene with the 

DMPSA treatment. More studies, therefore, are needed to clarify the possible mechanism 

of these chemical compounds on the nosZ gene.
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Table 5.2. Effect of the treatments applied in Experiments 2, 3 and 4 on N2O emissions, total abundances of microbial population, total abundances of targeted 
genes and the gene abundance ratios. 

Experiment Treatment 16SB 16SA AOB AOA nirK nirS norB nosZ 
Gene abundance ratio 

N2O emissions 
amoA/nosZ nirK/nosZ 

2 
N120ZnHuFu + = + + + + + + + = + 

N120ZnCh = + - = - - - + - - - 

3 
U-ZnSul - - - = - n.i. - - - + + 
U-ZnCh - - - = - n.i. - - - + + 

4 

UI = n.i. - n.i. - n.i. n.i. - - - - 
U+DI = n.i. - n.i. = n.i. n.i. - - + - 
CAN = n.i. = n.i. = n.i. n.i. = = - - 

CAN+NI = n.i. - n.i. - n.i. n.i. - - + - 
The urea treatment has been used as the reference value for all experiments. N120 indicates 120 kg N ha-1 applied as urea. “n.i.” denotes no information. “+” 
and “-” denote significantly higher and lower abundances, respectively and “=” denotes no significant differences.
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4. Biofortification in cereals (wheat and maize) 

The results of this thesis demonstrate that the foliar-soil Zn fertilization could be an 

effective agronomic strategy to increase Zn concentrations in cereals. However, the 

efficiency of Zn biofortification was highly dependent on the Zn source, applied N rate, 

Zn-N interaction and the type of crop. 

4.1 Effect of Zn source 

Fertilization with Zn, foliar or directly to the soil, is well documented as an agronomic 

Zn biofortification strategy. Kumar et al. (2016) reported, however, that the relative 

efficiency of Zn fertilization depends on the Zn source applied such as inorganic 

compounds, synthetic chelates or natural organic complexes. In Experiment 1, we 

demonstrate that foliar-soil Zn fertilization using natural organic Zn fertilizers could be 

an appropriate fertilization strategy due to the high efficiency of these fertilizers for 

increasing total grain Zn and N concentration in a winter wheat crop. In addition, in 

Experiment 2, all Zn sources used (synthetic chelate, inorganic source and natural organic 

complexes) significantly increased grain Zn concentration in wheat grain with respect to 

no Zn application. In maize (Experiment 3), however, the use of an inorganic source 

(ZnSul) rather than synthetic chelate (ZnCh) had the best results in terms of grain Zn 

biofortification, although the target value of 22.1 mg Zn kg−1 was not reached. Hossain 

et al. (2008) suggest that the increase of grain Zn concentration in maize is hindered by 

the strong influence of external factors (e.g., soil types, crop varieties). Further research 

is, therefore, needed to determine the possible mechanisms for grain Zn biofortification 

in maize. 

4.2 Effect of N rate 

There is controversy regarding the effect of increasing N application rates on Zn 

biofortification. Wang et al. (2018) reported that a high N rate had no negative 

consequences for Zn grain enrichment. Other authors (XinChun et al., 2010; Zhao et al., 
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2016), however, observed that a reduction in the grain Zn concentration was associated 

with high N doses, due to a secondary “dilution” effect. We observed a similar grain Zn 

biofortification for the application of 120 kg N ha-1 and 180 kg N ha-1 in winter wheat 

(Experiment 1). We suggest that the application of 120 kg N ha-1, which is the 

recommended rate for an optimal grain yield in rainfed wheat under these conditions, is 

the best option for reducing economic and environmental costs, although more studies 

are needed to look at the possible dilution effect in Zn biofortification under different 

climatic conditions, such as higher-yielding wheat, or in other cereal crops (e.g., barley 

or maize). 

4.3 Effect of Zn-N interaction 

Cakmak et al. (2017) and Venterea et al. (2016) reported that a suitable nutrient 

balance requires an appropriate fertilization management of macronutrients and their 

interactions with micronutrients. Our results in wheat (Experiment 1) suggest that the 

combination of 120 kg N ha-1 with an inorganic Zn source (ZnSul) or natural organic 

complexes (ZnAA and ZnGluc) are the most suitable treatments for increasing Zn 

concentrations and yields, respectively. Our study, therefore, demonstrates that Zn-N co-

application can be a sustainable strategy for enhancing crop quality and yields and 

increasing N use efficiency in Zn-deficient soils. Gonzalez et al. (2019) and Xue et al. 

(2012) also observed this synergistic and positive effect on Zn biofortification through 

Zn-N co-fertilization as a result of grain proteins acting as Zn sinks. Future studies should 

look at whether it is possible to reduce the N rate to below the recommended rate by using 

Zn fertilizers in wheat. With regards to the maize crop in Experiment 3, we did not 

observe a significant Zn-N interaction effect in grain Zn concentrations, although we did 

not observe any effect on grain N content either. The Zn-N co-fertilization, however, did 

have a significant effect on Zn concentration in the maize stover. More studies, therefore, 
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are needed to clarify the reasons for the insufficient grain Zn concentrations following 

Zn-N co-fertilization in maize. 

5. Integrating yield, crop quality and mitigation of N2O 

The results obtained by the strategies studied in this thesis have been summarized in 

Table 5.3. Here, only the treatments that resulted in a significant effect on N2O emissions 

in comparison with the U treatment, which is considered as a reference value, have been 

selected. Two different properties have been included: GHGI and crop quality. For 

strategy I, the crop quality was evaluated by considering the effect on Zn biofortification 

in wheat (Experiment 2) or maize (Experiment 3), whereas for strategy II the total oil 

production in rape was used (Experiment 4). 

Table 5.3. Greenhouse gas intensity (GHGI) and crop quality for the different treatments that had 
a significant effect on N2O emissions, in Experiments 2, 3 and 4. 

Strategy Treatment 
GHGI 

(g CO2eq kg 
grain-1) 

Crop quality 

 

I 

N-Zn  
co-fertilization 

Wheat: 

N120 (U) 
N120ZnCh 

N120ZnHuFu 

 

17.34 
11.34 
23.23 

Total Zn Conc. Grain 
 (mg kg-1) 

37.91 
46.77 
45.59 

Maize: 

U 
U-ZnCh 
U-ZnSul 

29.00 
39.17 
60.17 

Total Zn Conc. Grain 
 (mg kg-1) 

14.61 
15.03 
16.72 

II 

N-enhanced 
fertilizers 

Rape: 
 

U 
UI 

U+DI 
CAN 

CAN+NI 

82.85 
23.55 
20.77 
65.33 
23.47 

Oil yield 
(kg oil ha-1) 

1750 
1773 
1876 
1680 
2206 

The values in blue, black and red color represent an improvement, no change or a reduction, 
respectively, with respect to the urea (U) treatment in the same experiment.  
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We haver demonstrated that Zn-N co-fertilization, by applying a synthetic Zn chelate, 

is a good strategy to reduce total CO2eq emissions in a rainfed wheat crop. In addition, 

the Zn chelate fertilizer gave in the lowest GHGI and a significant increase in the grain 

Zn concentration (Table 5.3). 

In Experiment 3 (irrigated maize), the yields were not significantly increased by the 

application of Zn sources in spite of the soil Zn availability for the U treatment being 

lower than 1 mg Zn kg-1, which is considered as a moderate Zn deficiency. Under the 

conditions of our experiment, therefore, the use of Zn chelate is not a recommended 

practice due to the increase in GHGI (Table 5.3) and the lack of improvement in biomass 

yield and crop quality (in terms of Zn biofortification and N content in grain and stover). 

Other practices should, therefore, be assessed in order to decrease GHG emissions under 

irrigated conditions (e.g., water management or type of N fertilizer used). 

In a previous section (Chapter 4. Results and Discussion, section 4.2), it was 

concluded that the use of urease and/or nitrification inhibitors or CAN instead of U are 

the most effective GHG mitigation strategies under the rainfed conditions of our 

experiment. The substitution of U by CAN also mitigated CO2eq emissions per kg of 

grain yield (Table 5.3) without affecting grain yield. Inhibitor-based treatments (UI, 

U+DI and CAN+NI) resulted in significantly lower values of GHGI than U or CAN. With 

regards to oil yield, the N-enhanced fertilizer technology (using nitrification or urease 

inhibitor) increased the oil yield with respect to U and CAN, giving a significant increase 

in the case of the CAN+NI treatment (Table 5.3). The application of CAN combined with 

DMPSA can be considered as a win-win strategy with regards to N2O mitigation and rape 

crop quality. 
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6. Future research 

During our research we found a series of knowledge gaps that should be addressed by 

future research. 

6.1 Studies related to the N-cycling genes 

6.1.1 Total abundance of fungal communities 

Some organisms are able to perform the complete denitrification pathway, while others 

(i.e., fungi) lack the N2O reductase and, therefore, produce N2O as a final denitrification 

product. Assessing the activity of fungal populations following fertilization and 

comparing this with bacteria communities is necessary to better understand its possible 

effect on N2O emissions.  

6.1.2 Nitrous oxide-reducer clade II (nosZII) 

Recent studies have shown that a previously unknown clade of N2O-reducers (nosZII) 

is related to the capacity of the soil to act as a N2O sink. However, little is known about 

how this group responds to different agricultural practices. This information is essential 

to better understand its effect on N2O emission.  

6.1.3 Other methodologies 

o Analysis of RNA 

 The RNA molecules (only present in living cells) can also be used to study the activity 

of a particular gene in an environmental sample by qPCR. Further research could include, 

therefore, a combined DNA-RNA approach to obtain detailed information on the spatio-

temporal evolution of N in the soil and its relation to microbial communities and N2O 

emissions. 

o Microbial diversity analysis 

Quantitative PCR provides information about the activity of targeted genes and 

determines their abundances. However, this analysis does not provide obtaining 
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information on microbial diversity. Sequencing techniques could, therefore, be 

considered as a complementary methodology to qPCR for obtaining a better 

understanding of the effect of different N inputs on microbial communities that are 

involved in the N cycle. 

6.2 Reduction of pulsing effect in semiarid regions 

Considering the high N2O losses associated with the pulsing effect after a rainfall 

event, the development of new strategies to reduce its effect is, therefore, pivotal in the 

context of climate change adaptation. For that, it is necessary to evaluate different N 

fertilization strategies, such as N-enhanced fertilizers, in order to mitigate the N2O losses 

associated with a rewetting pulse. 

6.3 Elucidate the mechanisms used by the N-enhanced fertilizers 

 It is currently not clear information, how the N-enhanced fertilizers act on nitrifying 

and denitrifying communities. A chelating effect on metal co-factor of the enzymes, such 

as Cu, has been associated with a possible mechanisms used by the nitrification inhibitors. 

However, more studies are needed to clarify the mode of action used by the N-enhanced 

fertilizers on nitrifier and denitrifier communities. 

6.4 The relationship of other micronutrients with N2O 

Some enzymes that are involved in N2O production have micronutrients as co-factors 

(e.g., Cu or Fe). To our knowledge, there is no available information about the effect of 

these micronutrients on the N2O emissions and, therefore, more studies are needed to look 

at these relationships. 

6.5 New N-enhanced fertilizers 

The use of urease and/or nitrification inhibitors is a good mitigation strategy to reduce 

GHG emissions, without apparent penalties on yields or crop quality. However, 

implementing new types of fertilizers that inhibit denitrification pathway or favor the last 

step of this biochemical process (N2O to N2) could be a useful strategy for mitigating N2O 
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emissions under anaerobic conditions. An important consideration for their use is to 

evaluate the possible persistence in soils, which could affect soil and water quality. A 

challenge along this line is to increase the understanding of biomolecules excreted by 

roots or contained in the crop residues that could favor the abundance of the nosZ gene in 

the microbiome or reduce the abundance of nitrifiers in the rhizosphere.  
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As the objectives and hypothesis described in Chapter 2 are interlinked, it is useful to 

provide a combined evaluation of the results obtained in this thesis in order to evaluate 

the two proposed strategies. Here, the hypotheses proposed for each specific objective 

have been summarized (Table 6.1) and for those hypotheses that have been rejected, 

totally or partially, a brief explanation of the results is provided. Accordingly, the 

following conclusions can be drawn: 

1. The Zn-N co-fertilization practice implemented in the wheat assay can be considered 

as a sustainable agronomic biofortification strategy for enhancing crop quality 

(increase of total grain N and Zn concentration) and yields and, increasing N use 

efficiency in Zn-deficient soils (e.g., soils with high pH and, clay and carbonate 

contents). 

2.  For a rainfed wheat crop, the use of the recommended N rate with ZnSO4 

(N120ZnSul) can be considered the most suitable treatment for increasing Zn 

concentrations, while the same N rate combined with Zn-aminoacids and Zn-

gluconate (N120AA and N120Gluc) would be better treatments for obtaining high 

yields (possibly as a result of the increased number of tillers per plant). 

3. Foliar-soil Zn fertilization using natural organic Zn fertilizers (ZnLS, ZnAA and 

ZnGluc) is an appropriate fertilization approach due to the high efficiency of these 

fertilizers in terms of improving Zn uptake in a winter wheat crop and avoiding Zn 

overload in the soil.  

4. The Zn source affects the soil GHG fluxes following Zn-N co-fertilizer application in 

a rainfed crop. In fact, the application of synthetic Zn chelates and an intermediate N 

rate (i.e., 120 kg N ha−1) can be considered as a win-win strategy leading to N2O 

mitigation and Zn biofortification in rainfed systems whereas the Zn humic and fulvic 

fertilizer results in the highest N2O emissions. 
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5. In irrigated maize, fertilizers based on urea and a Zn source increased N2O emissions 

in comparison with urea without Zn application. Of the different Zn sources, only 

ZnSO4 significantly enhances grain Zn biofortification. 

6. Zinc inputs affect the abundances of nitrifiers and denitrifiers genes, both for rainfed 

and irrigated crops. The application of synthetic Zn chelates, reduces the genes 

involved in these processes, such as bacterial amoA, nirK and norB genes. 

7. The abundance of the nosZ gene, which is key for the reduction of N2O to N2, 

increases in the presence of the synthetic Zn chelate under rainfed conditions but the 

opposite is observed under irrigated conditions. 

8. The use of urease and/or nitrification inhibitors reduce the GHGI (expressed as CO2eq 

emissions), thus reducing the environmental impact of an energy crop and therefore 

its carbon footprint. In addition, these products increase the oil yield which results in 

an increase in the rape crop quality. Unexpectedly, the CAN+NI treatment gave the 

highest oil yield, suggesting that the application of DMPSA is a win-win strategy with 

regards to N2O mitigation and rape crop quality. 

9. The new nitrification inhibitor (DMPSA), and the urease inhibitor (NBPT) reduce the 

amount and activity of nitrifiers and denitrifiers in a rainfed rape crop. The reduction 

in AOB in these treatments was more important for mitigating N2O emissions, than 

the negative effect on the nosZ gene which, by contrast, contributes to increase N2O 

emissions. 
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Table 6.1. Summary of the proposed hypothesis for each objective and a brief explanation of the 
results obtained. Blue text is used for confirmed hypotheses, green for those partially confirmed 
and red text is used for hypotheses that have been rejected. 

Objective 1: To assess the effects of applying different N rates in combination with 

natural organic Zn sources on Zn biofortification, nutritional quality and yield of a 

wheat crop, including a comparison with an inorganic Zn source. 

 Initial hypotheses:  

 1. The foliar application of natural organic Zn sources (lignosulphones, 

gluconates or aminoacids) to wheat under calcareous soil conditions can 

achieve a similar or greater efficiency of Zn biofortication than the foliar 

application of Zn-sulphate, using a significantly smaller amount of Zn. 

 2. The efficiency of each Zn source is also dependent on N rate. 

Objective 2: To study the effect of several Zn sources (conventional, synthetic chelates 

and natural chelates) and N fertilization rates on GHG emissions and soil microbial 

processes involved in N2O fluxes for a rainfed wheat crop. 

Initial hypotheses: 

 1. The N2O emissions from both nitrification and denitrification processes can 

be directly affected by Zn sources (particularly chelates). 

±    2. The Zn chelate compounds reduce the amount and activity of nitrifiers and 

denitrifiers, through the removal of Cu as a co-factor of metalloenzymes. 

 This mechanism may occur for nitrifying and denitrifying communities but 

not for the nosZ gene, which increased with the application of Zn chelate. 

More studies are, therefore, needed to elucidate the mechanism present 

following Zn chelate fertilization. 
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Objective 3: To determine the effect of Zn-N co-fertilization on Zn biofortification, 

GHG emissions and soil microbial processes involved in N2O fluxes for an irrigated 

maize crop. 

Initial hypotheses: 

×      1. The Zn chelate-based compounds mitigate total N2O emissions as well as 

increase grain Zn concentrations. 

 In irrigated conditions, the application of Zn sources (Zn-sulphate and Zn 

chelate) did not mitigate N2O emissions or increase Zn biofortification. 

×    2. Zn chelate-based compounds reduce the amount and activity of nitrifiers and 

denitrifiers and increase the abundance of the nosZ gene. 

 Fertilization with Zn chelate reduce both nitrifiers and denitrifiers and, 

especially, reduced the abundance of nosZ. 

Objective 4: To evaluate the effect of N-enhanced efficiency fertilizers based on a 

urease inhibitor and/or a new nitrification inhibitor on GHG emissions, soil microbial 

processes involved in N2O fluxes and oil production for a rainfed rape crop. 

Initial hypotheses: 

 1. The use of a new nitrification inhibitor (DMPSA) and/or a urease (NBPT) 
inhibitor minimizes emissions of N2O with respect to N sources without 
inhibitors. 

×   2. DMPSA reduces the total abundance of nitrifiers but not denitrifiers, whereas 

NBPT does not affect the abundance of either. 

 The urease and/or nitrification inhibitors reduce both nitrifying and 

denitrifying communities. 

 3. Nitrogen-enhanced efficiency fertilizers improve the oil yield of a rainfed 
rape crop.  



Chapter 6. Conclusiones 
 

151 
 

Para confirmar las dos estrategias propuestas en el Capítulo 2 de esta tesis, se ha 

realizado una evaluación combinada de los resultados obtenidos. Las hipótesis planteadas 

para cada objetivo específico han sido resumidas en la Tabla 6.1. Una breve explicación 

de los resultados ha sido añadida en aquellas hipótesis que se rechazaron, totalmente o 

parcialmente. En base a los objetivos, se pueden extraer las siguientes conclusiones: 

1. La práctica de co-fertilización Zn-N implementada en el ensayo de trigo puede ser 

considerada como una estrategia agronómica sostenible de biofortificación para 

mejorar la calidad del cultivo (aumentando la concentración total de N y Zn en grano) 

así como los rendimientos, además de aumentar el uso eficiente del N en suelos 

deficientes en Zn (por ejemplo, suelos con alto pH y altos contenidos en arcilla y 

carbonato). 

2. Para un cultivo de trigo de secano, el uso de la dosis recomendada de N combinada 

con ZnSO4 (N120ZnSul) fue el tratamiento más sostenible respecto al aumento de las 

concentraciones de Zn, mientras que la misma dosis de N combinada con amino ácidos 

de Zn y gluconatos de Zn (N120AA y N120Gluc) produjo mejores rendimientos 

(posiblemente como resultado de un aumento en el número de ahijados por planta). 

3. La fertilización foliar-suelo de Zn usando fertilizantes orgánicos de Zn (ZnLS, ZnAA 

y ZnGluc) es una estrategia apropiada debido a la alta eficiencia de estos fertilizantes 

en términos de mejora de la toma de Zn por un cultivo de trigo de invierno, evitando 

el exceso de Zn en el suelo. 

4. Las fuentes de Zn afectan a los flujos de GEI del suelo después de la aplicación de la 

co-fertilización de Zn-N en un cultivo de secano. De hecho, la aplicación de quelatos 

sintéticos de Zn y una dosis intermedia de N (es decir, 120 kg N ha−1) es la mejor 

estrategia para la mitigación de N2O y la biofortificación de Zn en sistemas de secano, 
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mientras que el fertilizante de Zn con ácidos húmicos/fúlvicos produce las mayores 

emisiones de N2O. 

5. En maíz de regadío, la combinación de fertilizantes a base de urea y una fuente de Zn 

aumentaron las emisiones de N2O en comparación con la urea sin aplicación de Zn. 

Con respecto a las diferentes fuentes de Zn, solo el sulfato de Zn aumentó 

significativamente la biofortificación de Zn en grano. 

6. La aplicación de Zn afecta a la abundancia de los genes nitrificantes y desnitrificantes, 

para cultivos tanto de secano como de regadío. La aplicación de quelatos sintéticos de 

Zn, reduce los genes involucrados en estos procesos, como los genes amoA de bacteria, 

nirK y norB. 

7. La abundancia del gene nosZ, que es clave para la reducción de N2O a N2, aumenta en 

presencia de quelatos sintéticos de Zn bajo condiciones de secano, pero lo contrario se 

observó en condiciones de regadío. 

8. El uso de inhibidores de la ureasa y de la nitrificación reduce los GEI (expresado como 

emisiones de CO2eq) en colza, favoreciendo un menor impacto medioambiental y una 

menor huella de carbono. Además, estos productos aumentan el rendimiento en aceite, 

lo cual produce un aumento de la calidad del cultivo de colza. Inesperadamente, el 

tratamiento CAN+NI dio los mayores rendimientos en aceite, sugiriendo que la 

aplicación de DMPSA es una estrategia prometedora con respecto a la mitigación de 

N2O y la calidad del cultivo de colza. 

9. El nuevo inhibidor de la nitrificación (DMPSA), y el inhibidor de la ureasa (NBPT) 

reducen la cantidad y actividad de los nitrificantes y desnitrificantes en un cultivo de 

colza de secano. La reducción en AOB en estos tratamientos fue más importante para 

la mitigación de las emisiones de N2O, que el efecto negativo sobre el gen nosZ lo que 

contribuiría a aumentar las emisiones de N2O. 
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Tabla 6.2. Resumen de las hipótesis propuestas para cada objetivo y la justificación de los 
resultados obtenidos. En azul, las hipótesis confirmadas, en verde aquellas parcialmente 
confirmadas y en rojo las hipótesis rechazadas. 

Objetivo 1: Evaluar los efectos de la aplicación de las distintas dosis de N en 

combinación con una fuente natural orgánica de Zn sobre la biofortificación de Zn, la 

calidad nutricional y el rendimiento en un cultivo de trigo, comparando con una fuente 

de Zn inorgánica. 

 Hipótesis Iniciales:  

 1. La aplicación foliar de una fuente natural orgánica de Zn (lignosulfonatos, 

gulocnatos, amino ácidos), en un trigo en condiciones de suelo calcáreo, prodría 

conseguir eficiencias iguales o mayores respecto a la biofortificación de Zn que 

la aplicación foliar de sulfato de Zn, mediante el uso de una cantidad 

significativamente menor de Zn. 

 2. La eficiencia de cada fuente de Zn será, además, dependiente de la dosis de 

N aplicada. 

Objetivo 2: Estudiar el efecto de varias fuentes de Zn (convencional, quelatos 

sintéticos y complejos naturales) combinadas con una dosis de fertilización de N sobre 

las emisiones de GEI y de los procesos microbiológicos del suelo responsables de los 

flujos de N2O, en un cultivo de trigo de secano. 

Hipótesis Iniciales: 

 1. Las emisiones de N2O procedentes de los procesos de nitrificación y 

desnitrificación podrían estar directamente afectadas por la fuente de Zn 

(particularmente por los quelatos). 

±    2. Los quelatos de Zn reducen la cantidad y actividad de los nitrificantes y 

desnitrificante, a través de la eliminación del Cu, el cual actuaría como co-

factor de las metaloenzimas 
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 Este mecanismo podría ocurrir en las comunidades nitrificantes y 

desnitrificantes, pero no en el gen nosZ, el cual aumentó con la aplicación 

del quelato de Zn. Por lo tanto, más estudios son necesarios para dilucidar 

el mecanismo usado después de la fertilización con quelato de Zn. 

Objetivo 3: Determinar el efecto de la co-fertilización de Zn-N sobre la 

biofortificación de Zn, las emisiones de GEI y los procesos microbiológicos del suelo 

responsables de los flujos de N2O en un cultivo de maíz irrigado. 

Hipótesis Iniciales: 

×      1. Los compuestos basados en quelatos de Zn mitigarían las emisiones totales 

de N2O emisiones a la vez que aumentaría la concentración de Zn en grano. 

 En condiciones de regadío, la aplicación de fuentes de Zn (sulfato de Zn y 

quelato de Zn) no mitigaron las emisiones de N2O ni aumentaron la 

biofortificación en Zn. 

×    2. Los compuestos a base de quelatos de Zn reducirían la cantidad y actividad 

de los nitrificantes y desnitrificantes y aumentaría la abundancia del gen nosZ. 

 La fertilización con quelato de Zn reduce tanto los nitrificantes como los 

desnitrificantes, especialmente la abundancia del gen nosZ. 

Objetivo 4: Evaluar el efecto de los fertilizantes de N eficientemente mejorados 

basados en inhibidores de la nitrificación y la ureasa sobre las emisiones de GEI, los 

procesos microbiológicos responsables de los flujos de N2O y la producción de aceite 

en un cultivo de colza en secano. 

Hipótesis Iniciales: 

 1. El uso del nuevo inhibidor de la nitrificación (DMPSA) y/o del inhibidor 

de la ureasa (NBPT) minimizaría las emisiones de N2O en comparación con 

las fuentes de N sin inhibidores. 
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×   2. El DMPSA reduciría la abundancia total de nitrificantes, pero no de 

desnitrificantes, mientras el NBPT no afectaría a ninguna de las abundancias. 

 Los inhibidores de la ureasa y/o nitrificación resultaron en una reducción 

de ambas comunidades nitrificantes y desnitrificantes. 

 3. Los fertilizantes de N eficientemente mejorados producirían una mejora del 

rendimiento en aceite en un cultivo de colza de secano. 
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