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Abstract

Agriculture is the largest anthropogenic source of nitrous oxide (N20O), one of the main
greenhouse gases and stratospheric ozone depleting substances. Addressing N2O emission
drivers in agricultural systems is essential for implementing cost-effective mitigation strategies.
Isotopic *°N tracing techniques provide a robust tool for identifying N2O emission sources and

the fate of applied nitrogen (N).

The main objective of this thesis is to evaluate sustainable agricultural practices that integrate
crop residue management and N fertilization strategies in rainfed and irrigated Mediterranean
agroecosystems, with the aim of mitigating N.O emissions without compromising crop yields,

focusing on the mechanisms involved in N cycle transformations.

The first experiment to address this objective consisted of a microplot **N tracing study with
winter barley (Hordeum vulgare L.) under rainfed conditions. Conventional tillage and no-
tillage systems were combined with the application of °N-labeled ammonium nitrate
(**NH4N O3 or NH4®NOs), with or without the nitrification inhibitor (3,4-dimethyl-1H-pyrazol-
1-yl) succinic acid isomeric mixture (DMPSA). The second experiment examined the combined
effects of maize (Zea mays L.) residue input and cover crops (barley or vetch, Vicia sativa L.)
compared to bare fallow in an irrigated maize cash crop under integrated soil fertility
management. The third experiment consisted of a microplot **N tracing study with maize
preceded by the same cover cropping treatments as in Experiment 2. The microplots were
amended with ®N-enriched maize residues or *°N—labeled fertilizer (**NH4NO3 or NH4°NO3).
The fourth experiment consisted of a °N tracing study conducted in a pre-alpine grassland to
quantify N recovery, N2O and dinitrogen (N2) fluxes, and to identify key N transformation

processes responsible for N2O emissions.



The results of Experiment 1 showed that DMPSA significantly reduced N2O emissions derived
from both endogenous soil N and fertilizer-derived N during the cropping period. However,
most N2O was emitted during a postharvest rewetting event, where DMPSA had no effect. No
tillage enhanced crop N uptake, while DMPSA increased soil N recovery in the upper layer. In
Experiment 2, higher maize residue input reduced N2O emissions before maize fertilization but
increased them afterward compared to the low residue input treatment. Cover crops
significantly affected N.O emissions only after their incorporation, with higher emissions in
barley compared to bare fallow. Most N2O was emitted during maize cropping phase,
particularly after synthetic N fertilization, favored by high soil moisture and cover crop
decomposition. Integrated fertilization reduced maize yield by 7% when preceded by vetch
cover crop. Results from Experiments 1 and 3 indicated that ammonium oxidation-based
processes were the main sources of N2O emissions in both rainfed and irrigated Mediterranean
croplands. Endogenous soil N was quantitatively relevant for N2O fluxes, even after synthetic
N application, whereas maize residues had a negligible contribution to N>O emissions (< 7%).
Fertilizer N recovery in rainfed barley averaged 23%, whereas N recovery in maize was higher
with barley cover crops (42%) compared to bare fallow (26%). In the pre-alpine grassland
experiment, N2 was the dominant gaseous N loss from the soil-plant system. Denitrification
accounted for 62% of cumulative N.O emissions, with higher contribution after fertilization.

Of the applied N, 37% was recovered in plants and 54% in soil.

The findings of this thesis may contribute to improve the understanding and quantification of
N use efficiency and N.O emission inventories under contrasting environmental and
management conditions. These insights are highly valuable for researchers, as well as for
stakeholders and policymakers aiming to develop sustainable, site-specific N2O mitigation

practices based on conservation agriculture and N fertilization practices.



Resumen

La agricultura es la principal fuente antropogénica de oxido nitroso (N20), uno de los
principales gases de efecto invernadero, precursor de la destruccion de la capa de ozono.
Determinar las causas de estas emisiones en sistemas agricolas es esencial para aplicar
estrategias de mitigacion rentables. Las técnicas isotopicas de °N son herramienta clave para

identificar las fuentes de emision de N2O y el destino del nitrogeno (N) aplicado.

El objetivo principal de esta tesis es evaluar practicas agricolas sostenibles combinando manejo
de residuos de cultivos y estrategias de fertilizacion nitrogenada en agroecosistemas
mediterraneos de secano y regadio, con el proposito de mitigar las emisiones de N2O sin afectar

a los rendimientos de los cultivos, profundizando en las transformaciones del N.

El primer experimento para alcanzar este objetivo consistid en un ensayo de trazado de °N en
microparcelas con cebada de invierno (Hordeum vulgare L.) en secano. Se combin6 laboreo
convencional y no laboreo con la aplicacion de nitrato aménico enriquecido con **N (**NHsNO3
0 NH4®NO3), con o sin el inhibidor de la nitrificacion acido 2-(N-3,4-dimetil-1H-pirazol-1-il)
succinico (DMPSA). El segundo experimento evalu6 la incorporacién de residuos de maiz (Zea
mays L.) y cultivos cubierta (cebada y veza, Vicia sativa L.), comparados con barbecho) en
maiz de regadio con manejo integrado de la fertilizacion. El tercer experimento consistio en un
estudio de trazado de N en microparcelas en un cultivo de maiz precedido por los mismos
cultivos cubierta del Experimento 2. En las microparcelas se aplicaron residuos de maiz
enriquecidos con °N o fertilizante enriquecido en N (**NH4NO3s 0 NH4®NOs). El cuarto
experimento consistié en un ensayo de trazado de °N en un pastizal pre alpino para cuantificar
la recuperacion de N, los flujos de N2O y nitrogeno molecular (N2), y los procesos de

transformacion del N responsables de las emisiones de N20O.
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En el Experimento 1, el DMPSA redujo las emisiones de N2O derivadas del N enddgeno del
suelo y del fertilizante durante el periodo de cultivo de cebada. Sin embargo, la mayor parte del
N2O se emitié en un pico post cosecha, sin efecto del DMPSA. El no laboreo mejoro la
absorcion de N por el cultivo, y el DMPSA aumentd la retencion de N en la capa superficial del
suelo. En el Experimento 2, la mayor incorporacion de residuos de cosecha redujo las emisiones
de N2O antes de la fertilizacion del maiz, aumentandolas posteriormente. La incorporacion de
los cultivos cubierta produjo mayores emisiones de N2O con cebada que en barbecho. La
mayoria de las emisiones ocurrieron durante la fase de cultivo del maiz, especialmente tras la
fertilizacion, favorecidas por la humedad del suelo y la descomposicion de los cultivos cubierta.
Los resultados de los Experimentos 1y 3 indican que los procesos derivados de la oxidacion
del amonio fueron la principal fuente de emision de N2O en los sistemas agricolas
mediterraneos. EI N del suelo contribuyo significativamente a los flujos de N2O, mientras que
la contribucion de los residuos de maiz fue escasa (< 7%). La recuperacion media del N del
fertilizante fue del 23% en cebada, y del 33% en maiz, con mayor recuperacion con cebada
como cultivo cubierta, comparado con barbecho. En el pastizal pre alpino, el N2 fue la principal
pérdida de N gaseoso. La desnitrificacion represent6 el 62% de las emisiones de N2O. El 37%

del N del fertilizante fue recuperado por el cultivo, y el 54% permanecio en el suelo.

Los hallazgos de esta tesis pueden contribuir a mejorar la eficiencia del uso del N y los
inventarios de emisiones de N2O en distintos sistemas de cultivo. Estos conocimientos son de
gran valor en el ambito cientifico, asi como en el sector agricola y para las administraciones
publicas de cara al desarrollo de politicas de mitigacion de N2O, promoviendo la agricultura de

conservacion y estrategias de fertilizacion sostenibles y adaptadas a las condiciones locales.
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CHAPTER 1: INTRODUCTION

1.1. The effects of climate change in the Mediterranean area

Climate change is considered as one of the main environmental problems of the 21% century.
Mediterranean-type ecosystems are characterized by their high interannual and seasonal
variability precipitation, with long and intense dry periods occurring during the warm summer
season, and with mild, wet winters. These regions are located between 30° and 45° latitude and
are located in the Mediterranean Basin, California (USA), southwestern and southern Australia,
central Chile and southern Africa. The Mediterranean Basin is the largest of these regions,
covering 1.68 million km?, which accounts for 60% of the total Mediterranean climate area

(Figure 1.1) (Joffre and Rambal, 2001).
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Figure 1.1. Map of the five regions with Mediterranean-type climate (red). The yellow area
corresponds to the Mediterranean-steppe domain (mean annual rainfall between 100 and 400 mm)
according to Le Houérou, 1997. Source: Joffre and Rambal (2001)

The specific climatic conditions of Mediterranean-type ecosystems make these regions to be

considered as “hot-spots” in terms of climate change and climate variability (Giorgi, 2006). For

instance, Mediterranean regions are expected to warm at a rate approximately 20% greater than
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the global annual mean surface temperature. This warming will be especially pronounced
during summer and in the continental areas north of the basin, where temperatures are projected
to increase by around 50% more than the global average. In some localized areas, the
temperature rise could even be double that of the global scale. Daytime temperatures are
expected to rise more than nighttime temperatures, and summers are likely to experience greater
increases compared to winters, resulting in an increase of amplitude of both daily and annual
temperature ranges (Lionello and Scarascia, 2018). Furthermore, a global atmospheric
temperature increase of 2 °C will likely be accompanied by a 10-30% reduction in summer
precipitation in the Mediterranean Basin (Cramer et al., 2018). The rising temperatures and
declining precipitation due to ongoing climate change are expected to intensify water scarcity
in this region, leading to longer, more intense, and more frequent droughts (Garcia-Ruiz et al.,
2011). Together with climate change, increasing water demand for irrigated agriculture
—essential for stabilizing production and ensuring food security— is likely to further exacerbate

water scarcity (lglesias et al., 2012).

1.2. The use of N-based fertilizers in agriculture

As mentioned above, climate change is expected to negatively impact food production due to
increasing water scarcity and rising temperatures. Agriculture, therefore, faces the urgent
challenge of ensuring food security for a growing global population. Nitrogen (N) is, together
with water, one of the most important limiting factors for crop productivity in terrestrial
ecosystems (Quemada et al., 2020). Although N is the most abundant element on Earth’s
atmosphere, accounting for 78% of atmospheric composition as dinitrogen (N2), most plants
are unable to use this unreactive N2. Only certain species, such as legumes, are capable of fixing
atmospheric Na. Plants need to incorporate N into their biomass as reactive N (Nr) compounds

such as ammonia (NHs), ammonium (NH4"), nitrate (NO3), or nitrite (NO2"), and organic N
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compounds which are naturally scarce in the natural environment. The scarcity of Nr was
addressed with the development of the Haber-Bosch process, which enables the industrial
synthesis of NHz from N2 and hydrogen in a reduced energy cost process (Haber, 1920). This
breakthrough allowed for the large-scale production of synthetic N-based fertilizers, which
have played a crucial role in enhancing global agricultural productivity. Since the 1950s, the
use of synthetic N fertilizers has increased dramatically, supporting a rapid expansion of the
human population (Figure 1.2). It is estimated that synthetic N fertilizers have contributed to
approximately 50% of global food production (Erisman et al., 2008). Increased fertilizer use
has been driven by the demand for higher crop yields. Globally, the use of N fertilizers has
increased a 41% between 1990 and 2019, according to the Intergovernmental Panel on Climate
Change (IPCC, 2022). In the Mediterranean Basin, synthetic N fertilizer use has tripled between

the 1960s and the first decade of the XXI century (Lassaletta et al., 2021).

World population supported by synthetic nitrogen fertilizers
Best estimates project that just over half of the global population could be sustained without reactive nitrogen
fertilizer derived from the Haber-Bosch process.
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Data source: Erisman et al. (2008); Smil (2002); Stewart (2005) OurWorldInData.org/fertilizers | CC BY

Figure 1.2. Word population supported by synthetic N fertilizers. Chart source: Ritchie (2017)
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World population has increased from 6,108 million habitants in 2000 to over 7,800 million by
2020 (United Nations, 2022) and is expected to reach 9.7 billion by 2050. This increase will
also affect the Mediterranean Basin, particularly in the coastal regions of eastern and southern
Mediterranean countries. The use of N-based fertilizers, together with the implementation of
irrigation, has significantly boosted crop yields without requiring the expanding of agricultural
land. Thus, to ensure food security for the growing population, higher fertilizer inputs together
with increased water demand are expected (Cramer et al., 2018). However, the excessive use
of synthetic N-based fertilizers in agriculture has led to an imbalance in the N cycle since not
all applied N is absorbed by crops. The N surplus in cropping systems —calculated as the
difference between N inputs and outputs (i.e., the N exported by plants at harvest)— has negative
effects on human health and environment. It contributes to water and air pollution, increases
greenhouse gas (GHG) emissions to the atmosphere, and leads to biodiversity loss (Quemada
etal., 2020). Currently, the average crop use efficiency of applied N in the Mediterranean region
is estimated as less than 50% (Lassaletta et al., 2021), thus threatening agricultural, economic
and environmental sustainability goals. Consequently, agriculture research has met the
challenge of looking for ways to enhance crop yields optimizing the use of resources (e.g.,
fertilizers, soil quality, water, etc...) while minimizing negative environmental impacts. To
select region-specific agricultural practices that enhance N utilization and mitigate its losses, it

is crucial to understand and quantify the biochemical processes involved in the N cycle.

1.3. Nitrous oxide emissions from agriculture

Nitrous oxide (N20) is a major global concern due to its significant contributions to climate
change and stratospheric ozone (O3) depletion. Agriculture, responsible for 12% of global GHG

emissions, is the largest anthropogenic source of N2O, accounting for 66% of total



CHAPTER 1: INTRODUCTION

anthropogenic emissions (Figure 1.3) (IPCC, 2022). Within the agricultural sector, 28% of its

GHG emissions are released as N2O (Rosa and Gabrielli, 2023).

Atmospheric sources
0.6 Tg N,O-N/yr

Biomass burning
0.7 Tg N,O-N/yr

Industry, energy, and
transport
0.9 Tg N,O-N/yr

Net anthropogenic
5.3 Tg N,O-N/yr

Wastewater
Q.z Tg N,O-N/yr
Ocean
0.2 Tg N,O-N/yr
Aquaculture Solvent and other
0.05 Tg N,O-N/  0.05 Tg N,O-N/yr
yr

Figure 1.3. Natural and anthropogenic N2O emissions in 2005. Source: Davidson and Kanter (2014)

The atmospheric concentration of N2O has risen dramatically since the Industrial Revolution,
increasing from 270 ppb to over 337 ppb by 2023 (Figure 1.4) (IPCC, 2021; WMO, 2024). This
increase is primarily driven by agricultural activities, particularly the intensified use of N—based
fertilizers and manure to maximize crop yields (Tian et al., 2020). Agricultural soils have been

identified as the dominant source of these emissions, highlighting the critical role of agriculture

in driving N2O emissions.
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Figure 1.4. Evolution of N>,O atmospheric concentration from 1850 until 2019. Data obtained from the
IPCC (2021) and the WMO (2024).



Sandra Garcia Gutiérrez

The atmospheric lifetime of N2O is estimated at 116 + 9 years, making it a long-lasting
contributor to global warming (Prather et al., 2015). Moreover, its global warming potential
(GWP) over a 100-year horizon is 273 times greater than that of carbon dioxide (CO2) (IPCC,
2021). Beyond its impact as a potent GHG, N0 is the most significant ozone-depleting

substance currently emitted into the atmosphere (Foster et al., 2021; Ravishankara et al., 2009).

1.4. Nitrous oxide emission pathways

If NoO emissions continue to rise at their current pace, achieving the goal of limiting global
temperature increase to 1.5°C above pre-industrial levels within the framework of sustainable
development, as outlined in the United Nations Framework Convention on Climate Change
(UNFCCC) Paris Agreement adopted in 2015, will become unfeasible. Addressing the
agricultural drivers of N2O emissions and minimizing the negative impacts of N-based
fertilizers, particularly through improved N management practices, is essential to effectively
reducing N2O emissions from agriculture and mitigating its environmental and climatic impacts
(Christensen and Rousk, 2024). According to the European Environment Agency, agricultural
GHG emissions in the European Union (EU) are projected to be 7% lower than 2005 levels by
2030, with the implementation of additional, currently planned measures. Thus, greater efforts
must be made to reduce non-CO> emissions to achieve the targets set by the EU for 2030, which
aim for a 55% reduction in net GHG emissions. Mitigating N2O emissions will play a critical

role in achieving these objectives.

In this sense, it is necessary to understand the biochemical processes involved in the N cycle
that are responsible for N2O production in soil. The production and consumption of N2O in
agricultural soils are primarily related to microbial processes, with nitrification and
denitrification being the main microbial processes leading to N2O production in soils

(Butterbach-Bahl et al., 2013; Ussiri and Lal, 2013).
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Nitrification is the oxidation of reduced forms of N (NHs or NH4"), ultimately to NOs" in the
presence of oxygen (Oz) (Figure 1.5). The major sources of reduced forms of N are the
mineralization of organic N compounds from manures or plant residues, and the application of
NHs-based fertilizers. It is an aerobic process that can occur by two pathways: autotrophic and
heterotrophic nitrification (Butterbach-Bahl et al., 2013), with the latter being less studied and
mainly occurring in soils that are typically too acid for autotrophic nitrification to take place
(Martikainen, 2022). During autotrophic nitrification, the reduced forms of N are first oxidized
to hydroxylamine (NH2OH) through the action of the ammonia monooxygenase (AMO)
enzyme. Further, NH2OH is oxidized to NO2™ via nitric oxide (NO) production (Caranto and
Lancaster, 2017), being implied the hydroxylamine oxidoreductase (HAO) enzyme, and it is
finally used by NO>™ oxidizers to produce NOs™~ (Prosser et al., 2020), which can be lost from
agroecosystems via leaching (Quemada et al., 2013; Wang and Li, 2019). Nitrous oxide can be
released during nitrification due to the incomplete oxidation of the unstable NH>OH and during
the formation of NO2™ (Figure 1.5). There are three groups of chemolithoautotrophic ammonia-
oxidizers that contain the AMO enzyme: ammonia-oxidizing bacteria (AOB), ammonia-
oxidizing archaea (AOA) and complete ammonia-oxidizing bacteria (comammox) (Beeckman
et al., 2018). Nitrification is considered to be the preferential source of N2O fluxes from well-
aerated soils, such as those found in agricultural Mediterranean areas (Lassaletta et al., 2021;

Montoya et al., 2022).
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Figure 1.5. Soil processes showing the most relevant N substrate transformations for N.O emissions.
Own elaboration based on Barrat et al. (2021)

Denitrification is the microbial reduction of NOz™ or NO2™ to N oxides (NO and N20) and to
the stable, unreactive N. (Figure 1.5). This process occurs predominantly under anaerobic
conditions of limited Oz, when NO3™ is available in soil (consequence of NH4" nitrification or
N fertilization with NO3™) and when high concentrations of easily available carbon (C) are
present in the soil (Martens, 2005). Thus, a source of organic C is required for heterotrophic
bacteria metabolism, with NO3™ acting as the electron acceptor in environments with limited
O>. The final step of the denitrification pathway is the reduction of N2O to N2. The enzyme that
catalyzes this reaction, the N2O reductase (NosZ), is the only known enzyme capable of
carrying out this reaction, making it the only known biological sink of N2O. The NosZ has
traditionally been attributed to bacteria and archaea (Hallin et al., 2018). Denitrification is
considered as the major process of N loss in terrestrial ecosystems, with an average daily loss
of 0.25 kg N ha™t d?, being denitrification rate the highest in wetlands and the lowest in upland
fields (Pan et al., 2022). Furthermore, it is considered as the major N2O production process in

agricultural soils with high organic matter content and elevated water-filled pore space (WFPS)

10
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values (Butterbach-Bahl et al., 2013). In Mediterranean semiarid areas, climatic conditions do
not always favor denitrifying activity. However, N.O emissions associated with the increase of
denitrifying activity can occur in soil micro-sites. Furthermore, this process has been reported
in these areas because of soil rewetting after irrigation or intense summer precipitation events,

which lead to increases in WFPS (Guardia et al., 2024a; Montoya et al., 2022).

Despite autotrophic nitrification and heterotrophic denitrification are the main processes
leading to N2O emissions from soil, accounting for approximately 70% of global N>O emissions

(Butterbach-Bahl et al., 2013), other microbial processes can also produce this Nr compound.

Nitrifier denitrification is carried out by AOB under anaerobic conditions when nitrification
is incomplete. In this process, O is substituted by NO™ as the terminal electron acceptor, which
is then directly reduced to NO, followed by denitrification to N2O and finally N2 (Wrage et al.,
2001) (Figure 1.5). Thus, in contrast to nitrification, this microbial process can occur in
environments with low O conditions (Zhu et al., 2013). When NO_ ™ accumulates and moisture
conditions or organic matter content are suboptimal for denitrification, nitrifier denitrification
could be a significant contributor to N2O emissions (Kool et al., 2011; Wrage-Mdnnig et al.,
2018). Together with nitrification, nitrifier-denitrification is a particularly relevant mechanism
responsible for soil N2O emissions in agricultural systems in Mediterranean climate areas,
where soil moisture is favorable for both aerobic and anaerobic microsites (Butterbach-Bahl et

al., 2013; Shaaban, 2024).

Coupled nitrification-denitrification occurs when the NO3z™~ produced during nitrification is
consumed by denitrifiers under conditions favorable for both microbial processes (Wrage et al.,
2001). During this process, nitrification occurs in oxic conditions of the topsoil layer, while

denitrification takes place in anoxic microsites.

11
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There are other processes, such as dissimilatory nitrate reduction to ammonia (DNRA),
codenitrification, and chemodenitrification, that can also result in N2O emissions from soil.
However, their contribution to N2O emissions in semiarid Mediterranean areas is lower than
that of the processes mentioned above. Dissimilatory nitrate reduction to ammonia occurs when
NOs™ is reduced to NO2", and then further reduced to NH4" (Figure 1.5). Although DNRA is
considered of importance due to its capacity to increase N retention in soil, as NOz™ is
transformed into NH4* (Pandey et al., 2020), N losses can occur during DNRA, as N2O may be
emitted as a byproduct (Rtting et al., 2011). Smith and Zimmerman (1981) concluded that the
potential for significant DNRA exists in most soils, particularly in anaerobic microsites with
anoxic conditions and when C is readily available. During chemodenitrification, NO2™ released
into the soil through both nitrification and denitrification can be chemically reduced to N2O by
soil organic matter or transition metals (Venterea, 2007; Wei et al., 2019). Codenitrification is
a process that co-metabolizes organic N compounds to produce N2O and/or N2. However, it
remains one of the least studied N loss pathways, and its contribution to agricultural N gas

losses remains unclear (Spott et al., 2011).

These processes, in addition to being directly affected by the addition of external N sources, are
also influenced by environmental conditions (e.g., climate, soil) and agricultural practices,
which can have a significant effect on soil N.O emissions (Cayuela et al., 2017; IPCC, 2022;
Shaaban, 2024). Furthermore, agricultural soils play a significant role in CO2 and methane

(CH4) emission, as discussed further in Section 1.8 of this thesis.

1.5. Use of conservation agriculture practices

Conservation agriculture is defined by the Food and Agriculture Organization (FAO) as an
agroecosystem management system to ensure food security and improve profitability while

preserving environmental resources. This approach can be considered as one of the main ways

12
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to achieve agricultural sustainability by combining environmental protection with high crop
productivity (Céarceles Rodriguez et al., 2022). Conservation agriculture practices include
reduced tillage or no-till, retention of crop residues by either incorporating them into the soil or
leaving them on the soil surface, and crop rotations including cover crops. These practices are
considered to provide multiple ecosystem services, such as regulating wind and water erosion,
climate regulation through enhanced C sequestration, and the provision and regulation of water
and nutrients by increasing the soil organic matter content (Bohoussou et al., 2022; Cérceles
Rodriguez et al., 2022; Palm et al., 2014). These practices align with the goals of various
international initiatives, such as the Farm to Fork strategy proposed by the European
Commission in 2020, which aims to transition to a sustainable food system, and the “4 per

1000” international initiative established at the 21 Conference of the Parties (COP21) of the

UNFCCC (www.4p1000.0rg). This last initiative indicates that a yearly 4%o increase of the soil
organic C (SOC) stocks to a depth of 1 meter in managed agricultural lands, through the
implementation of better management practices, could potentially reduce the CO2 emissions
while simultaneously enhancing the capability of agricultural systems to adapt to climate
change and ensure food security (Minasny et al., 2017). Additionally, at the national level,
frameworks such as the Royal Decree on Sustainable Nutrition of Agricultural Soils (RD
1051/2022) aim to regulate and promote practices that improve soil fertility and sustainability,
further reinforcing the importance of conservation agriculture in achieving both environmental

and policy-driven goals.

The challenge of conservation agriculture practices is to manage soils in a way that sequesters
additional C from the atmosphere while sustaining high crop productivity (Shah and Wu, 2019).
The positive effects of these practices on SOC have been extensively studied, and several
reviews and meta-analyses have highlighted their benefits (Bai et al., 2019; Bohoussou et al.,

2022; Carceles Rodriguez et al., 2022; Palm et al., 2014). The agricultural practice of leaving
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crop residues on the surface or incorporating them into the soil offers numerous benefits
compared to their complete removal after harvesting, such as improving soil quality and
reducing soil erosion (Blanco-Canqui and Lal, 2009; Malhi et al., 2006; Turmel et al., 2015).
Crop residue retention has been proposed as a potential strategy for increasing SOC stocks in
agricultural soils, with increases ranging from 2.7% to 18.2% when crop residues are
incorporated into the soil, compared to their complete removal (Bolinder et al., 2020).
Furthermore, a recent meta-analysis of P. Li et al. (2023) reported significant increments in N
use efficiency (NUE) and yields, with average increases of 23% and 9%, respectively,
associated with straw inputs. The integration of crop residues in the N cycle is also a key factor

for the sustainability of agriculture in semiarid areas (Berhane et al., 2020).

The retention of crop residues can be carried out in different ways, such as incorporating them
into the soil through conventional tillage or retaining them on the soil surface through no tillage.
Lal (2003) indicated that soil C storage can be significantly increased with appropriate
conservation tillage management. In fact, no tillage practices have been applied globally to
maintain or increase SOC stocks and mitigate CO2 emissions (Dimassi et al., 2014). Overall,
the meta-analysis by Abdalla et al. (2016) showed that soil CO2 emissions were 21%
significantly higher in tilled soils compared to no tillage soils. This difference was even greater
in soils with low SOC content, with a 27% increase in CO2 emissions under tillage systems.
However, the benefits of no tillage for CO> emission mitigation or the enhancement of SOC
stocks strongly depend on factors such as the soil depth considered and the duration of no tillage

implementation, among other environmental and management factors (Powlson et al., 2014).

Cover cropping has been shown to improve soil structure (Blanco-Canqui et al., 2011), enhance
wildlife and soil microbial diversity (Muhammad et al., 2021), regulate weed and pathogen
control, improve pollination, enhance soil fertility and hydrology, mitigate the influence of

extreme meteorological events (Quintarelli et al., 2022; Van Eerd et al., 2023), reduce soil
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erosion (Poeplau and Don, 2015), and prevent NOs~ leaching (Quemada et al., 2013).
Additionally, cover cropping has been proposed as a potential strategy to increase SOC stocks
in agricultural soils, with an average increase of 7.3% compared to bare fallow (Joshi et al.,
2023; Peng et al., 2023). Furthermore, Peng et al. (2023) found that increasing precipitation and
using non-legume cover crops is likely to be more effective for improving SOC stocks,
compared to legumes and mixtures. However, the effects of cover crops on cash crop yields
have been more variable and controversial (Garba et al., 2022). These effects depend on factors
such as the type of cash crop (e.g., maize, soybean or rice), the cover crop species (e.g., legume,
non-legume or mixtures), soil properties, fertilizer management for the cash crop, and the

duration of cover cropping (Van Eerd et al., 2023).
1.6. Effects of conservation agriculture practices on N20

emissions

Nitrous oxide emissions, which have a significantly higher GWP than CO,, may offset the
climate change mitigation potential of SOC sequestration achieved through conservation
agriculture practices (Guenet et al., 2021). The frequency and magnitude of N2O emissions are
linked to soil structure, which is determined by factors such as bulk density, soil C content, and
aggregation, all of which are influenced by tillage practices, crop rotations and residue inputs.
Therefore, despite the previously mentioned benefits of conservation agriculture practices, their

impacts on N2O emissions need to be carefully evaluated.

1.6.1. Retention of crop residues in soil

The management of crop residues lays a crucial role in influencing N2O emissions (Huang et
al., 2018). According to the meta-analysis by Abalos et al. (2022b), on average, the N supplied

to soil microorganisms by crop residues when incorporated into the soil leads to a 40-50%
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increase in N2O emissions compared to when residues are removed. These findings align with
those of De Notaris et al. (2022), who reported that residue removal could provide significant
potential for N2O mitigation. Abalos et al. (2013) observed that incorporating maize stover
residues with a high (> 70) C:N ratio increased N2O emissions by ca. 105% during the
experimental period. This increase could be associated with enhanced denitrification due to the

interaction between high-C crop residues with mineral N from dressing fertilization.

Abalos et al. (2022a) and Snyder et al. (2009) reported that several factors, including residue
maturity, management practices, the timing of residue incorporation, and interactions with N
fertilization, influence N2O emissions from crop residues. For example, incorporating mature
residues such as cereal straw, maize stover, or grain legume residues —typically characterized
by a high C:N ratio (> 30)- promotes soil N immobilization, thereby reducing N2O emissions
compared to the incorporation of immature crop residues (Abalos et al., 2022b; Li et al., 2016).
However, N immobilization from these residues generally occurs within the first few months
after application, followed by net mineralization after this period (i.e., 4-6 months after their
incorporation), and therefore releasing labile C and N for nitrifying and/or denitrifying
microorganisms (Abalos et al., 2013). Additionally, mineral N inputs can alter the rate of
microbial decomposition of SOM, and increases in SOC content have frequently been observed
(Bolinder et al., 2020). This priming effect may also contribute to increase the N2O emissions
(Daly et al., 2024). Recent °N-tracing laboratory experiments have reported increases in N2O
fluxes of 19% (Roman-Perez and Hernandez-Ramirez, 2021) and 13-24% (Thilakarathna and

Hernandez-Ramirez, 2021) following urea application.

1.6.2. Reduced tillage or no tillage

In non-tilled soils, SOC accumulates in the topsoil, increasing the availability of labile organic

C for denitrifiers and mineral N for both nitrifiers and denitrifiers (Shakoor et al., 2021).
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Denitrification may be enhanced due to the combination of greater soil moisture and higher
available C from crop residues left on topsoil under conservation tillage (i.e., no tillage or
minimum tillage). However, the effects of different tillage systems on N2O emissions remain
uncertain and depend primarily on the initial soil C content and on soil moisture conditions (Y.
Li et al., 2023a; Shakoor et al., 2021). A recent meta-analysis by Y. Li et al. (2023a) reported
that no tillage decreased N2O emissions by 11% compared to conventional tillage. Similar
results were obtained by Shakoor et al. (2024) with 14% to 21% reductions in China and the
United States, respectively. However, reduced tillage may increase N2O emissions by
increasing soil organic matter content, which could provide additional energy for denitrifying
organisms, and by reducing soil porosity, thereby favoring anaerobic conditions (Guenet et al.,
2021). Meta-analyses by Mei et al. (2018) and Shakoor et al. (2021) reported average increases
in N2O emissions of 19.2% and 12%, respectively, under no tillage compared to conventional
tillage. Field assays in Mediterranean agroecosystems have reported higher (Plaza-Bonilla et
al., 2014) and lower (Garcia-Marco et al., 2016) N2O fluxes in no-tillage systems compared
conventional tillage. However, studies by Guardia et al. (2016b) and Plaza-Bonilla et al. (2018)
found a consistently neutral effect of tillage intensity on N2O emissions. These variable effects
are, in any case, quantitatively low compared to other components of the GWP balance, such

as SOC stocks or emissions from field operations.

1.6.3. Cover crops and rotations

The implementation of diversified crop rotations has been shown to mitigate N>O emissions
while providing additional benefits such as reducing the GWP, increasing crop yields, and
enhancing soil health (Xiaolin Yang et al., 2024). The meta-analysis by Y. Li et al. (2023a)
found that cover crops increased, decreased, or had neutral effects on soil N2O emissions.

According to the meta-analysis by Muhammad et al. (2019), cover crops reduced N2O
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emissions compared to bare fallow. However, this effect was observed only for non-legume
cover crops, probably due to their higher efficiency in increasing crop N uptake and thereby
reducing the pool of residual soil NOs™ content (Abdalla et al., 2019; Gabriel et al., 2012; Thapa
et al., 2018). In contrast, legume cover crops, due to their ability to fix atmospheric N2, can
increase soil available N through rhizodeposition and plant decomposition, potentially leading
to higher N2O losses (Ussiri and Lal, 2013). The effects of cover crops on N2.O emissions
strongly depend on cover crop species —and their associated functional traits— as well as on
biochemical properties such as the C:N ratio (Fernandez Pulido et al., 2023; Muhammad et al.,
2019). However, results vary depending on the cropping period under consideration, namely
the cover cropping phase (with crucial influence of N uptake potential), the period following
cover crop termination, or the early stages of cash crop development (when plant material
decomposition plays a key role). Y. Li et al. (2023a) reported that N2O emissions tended to
increase during the active growth phase of cover crops, being explained by the C supply from
rhizodeposition through actively growing root systems, which promotes denitrification. These
results have also been reported in field studies under Mediterranean climate (Guardia et al.,
2016a; Sanz-Cobena et al., 2014a). According to Basche et al. (2014), during the cover crop
decomposition period most N2O is emitted from cover cropping, and the easily decomposable
C from the low C:N residues —especially from legume species— provides an energy source for
denitrifying microorganisms (Li et al., 2016). Y. Li et al. (2023a) identified key soil properties
influencing the effects of cover crops on N2O emissions. Their findings suggest that neutral soil
pH, soil total N concentrations of approximately 0.3%, and soil organic C concentrations of

around 2% result in the lowest soil N2O emissions associated with cover crops.

Cover crops are widely recommended for recycling residual N from the previous cash crop
(which is often intensively fertilized), and for increasing total soil N (Bohoussou et al., 2022).

However, the critical influence of the legacy effect of synthetic fertilizers and surplus N across
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the different cover cropping stages remains largely unexplored, particularly in combination
with the input of cash crop residues left on the soil surface. This topsoil layer plays a
fundamental role for driving N2O emissions (Butterbach-Bahl et al., 2013; Kuang et al., 2023).
Additionally, the simultaneous N input from the mineralization of recalcitrant cash crop
residues (typically maize) several months after its incorporation in autumn (Abalos et al.,
2022b), the more labile cover crop residues incorporated in spring, and the readily available
synthetic N applied to the subsequent cash crop typically in early summer (Guardia et al.,
2016a) can dramatically boost N2O emissions. Given these complex interactions, a robust
assessment of N2O fluxes with high temporal resolution, alongside crop yield measurements, is
essential for identifying the best strategies for the sustainable management of cover crop-based

rotations from both environmental and agronomic viewpoints.

1.7. Use of nitrification inhibitors

In recent decades, the use of nitrification inhibitors (NIs) has been proposed as a strategy to
enhance NUE and mitigate N losses, thereby reducing the environmental risks associated with
N fertilization (Abalos et al., 2014; Akiyama et al., 2010; Ming et al., 2024; Quemada et al.,
2013; Tufail et al., 2022; Yin et al., 2023). These products are capable to chelate copper (Cu),
a cofactor of the AMO enzyme, which catalyzes the first step of nitrification (Corrochano-
Monsalve et al., 2021; Morales et al., 2015). By inhibiting the conversion of NHs* to NH>OH
(Figure 1.5), Nls slow down the subsequent oxidation of NO2™ to NOs™, effectively reducing

NO3z™ availability and limiting N losses through leaching and gaseous emissions.

Several molecules have been identified with the capacity to inhibit nitrification, with
commercialized dicyandiamide (DCD) and 3,4-dimethylpyrazole phosphate (DMPP) (Figure
1.6), a DMP-based NI, being the most widely used NIs. The adoption of DMPP has increased

over DCD due to their comparable effectiveness in mitigating N2O emissions (Yang et al.,
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2016), its lower required application rate, and concerns regarding plant uptake of DCD
(Macadam et al., 2003; Marsden et al., 2015). However, the high volatility of the pyrazole ring
poses a disadvantage for pyrazole-based NIs. In this context, the NI (3,4-dimethyl-1H-pyrazol-
1-yl) succinic acid isomeric mixture (DMPSA) (CA 2933591 Al 2015/06/18 Patent) (Figure
1.6) has been proposed as a more stable pyrazole-based NI. The non-polarity of DMPSA
improves the availability of DMP in the soil and allows for a broader range of fertilizer
formulations that it can be combined with (e.g., urea, calcium ammonium nitrate, diammonium

phosphate) compared to DMPP (Pacholski et al., 2016).

NH © N O
NHy” "N ‘ OH
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H H 0
dicyandiamide 3,4-dimethylpyrazole 2-(N-3,4-dimethylpyrazole)-
DCD phosphate succinic acid
DMPP DMPSA

Figure 1.6. Chemical structure of the nitrification inhibitors DCD, DMPP and DMPSA.
When Nls are applied alongside NH4*-based fertilizers, the soil NH4* concentration is expected
to be kept for a longer period, favoring NH4* adsorption to soil colloids and thus preventing
NOs™ losses via leaching or further denitrification. Quemada et al. (2013) indicated that Nls
could decrease NOz~ leaching in agricultural soils by 17%. Furthermore, one of the most
effective strategies for mitigating N2O emissions in fertilized crops is the use of NlIs (Xia et al.,
2017). The meta-analysis by Tufail et al. (2022) found that DMPP application resulted in a 39%
reduction of N2O emissions. Similarly, Ming et al (2024) reported a 63% decrease of GWP
when using NIs in dryland ecosystems associated to a reduction of 58% and 9.8% in N>O and
COz emissions, respectively. The effectiveness of NIs in reducing N2O emissions has also been
confirmed in Mediterranean agricultural systems, both in the meta-analysis by Cayuela et al.
(2017) and in field experiments using DMPP (Abalos et al., 2017; Guardia et al., 2017b) and

DMPSA (Corrochano-Monsalve et al., 2020; Guardia et al., 2018, 2017a; Recio et al., 2019).
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However, the prolonged retention of NH4* in the soil due to NI application has been associated
with an increased risk of NH3 volatilization (Castellano-Hinojosa et al., 2020; Pan et al., 2016;

Qiao et al., 2015), particularly in alkaline soils (Cui et al., 2021).

It has been observed that the N2O mitigation potential of DMPSA is enhanced by no tillage
systems compared to conventional tillage under humid rainfed conditions (Corrochano-
Monsalve et al., 2020). However, limited information is available regarding the interaction
between tillage practices and NIs under semiarid (e.g., dry Mediterranean) conditions. The
efficiency of these strategies may be compromised by the emission patterns in semiarid regions,
especially during dry seasons, when rewetting events can significantly influence annual N2O

fluxes (Barrat et al., 2021; Guardia et al., 2024a).

1.8. CO2 and CHs emissions from agriculture

In addition to N-2O, N fertilization also has relevant effects on the emission of other GHG, such
as CHs and CO; (Sanz-Cobena et al., 2017). Since the Industrial Revolution, atmospheric CO>
concentrations have increased from about 286 ppm to 410 ppm (Figure 1.7a), while CH4
concentrations have risen from approximately 0.7 ppm to around 1.9 ppm (Figure 1.7b),
according to the IPCC (2021) and the World Meteorological Organization (WMO) (WMO,

2024).

Soil represents the largest C pool in terrestrial ecosystems, with nearly 80% of its C stored
within the top 1-meter layer. Despite being a huge C reservoir, soil respiration can contribute
significantly to increasing atmospheric CO2 concentrations. Carbon dioxide emissions from soil
are associated with soil respiration, which includes soil microbial and root respiration. This
process occurs when organic C compounds are completely oxidized into CO and water (H20).
The C stock within the top 30 cm of the soil contains twice the amount of C present in the

atmosphere. In this context, increasing SOC sequestration through conservation agriculture
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practices has been proposed as a strategy to reduce atmospheric CO2 concentrations (Rumpel
et al., 2020). On the other hand, a meta-analysis by Xiao et al. (2020) found an average 7%
increase in soil CO2 emissions in response to N addition, with a more pronounced increase
(27%) in croplands. Soil rewetting episodes, consequence of intense rainfall events following
long dry periods or due to irrigation, also have a significant impact on soil respiration, triggering
CO2 emission pulses (Liang et al., 2016; Sang et al., 2022). These effects have also been
reported in Mediterranean cropping systems after the addition of N fertilizer and/or after
rewetting events (Guardia et al., 2023). In general, the use of Nls in field experiments has led
to a significant reduction (8%, on average) in CO emissions (S. Li et al., 2023). However,
studies by Guardia et al. (2021, 2017a) and Guardia et al. (2023) in Mediterranean cropping

systems reported no significant effects from the use of DMPSA or DMPP, respectively.
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Figure 1.7. Evolution of CO; (a) and CHs (b) atmospheric concentration from 1850 until 2019. Data
obtained from the IPCC (2021) and WMO (2024).
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Between 2007 and 2016, agriculture was responsible for 39% of anthropogenic CH4 emissions
(IPCC, 2019a). Despite atmospheric concentration of CH4 being much lower than that of CO»
(Figure 1.7), CH4s GWP is 25 times greater than that of CO2 over a 100-year horizon, or 80
times greater in a 20-year horizon (IPCC, 2021). Due to its relatively short atmospheric lifetime
(approximately 12 years), reducing CH4 emissions could result in a rapid decrease of global
temperatures, making it an important factor for short-term global warming mitigation (Wu et

al., 2022).

Two microbiological processes are responsible for the production (methanogenesis) and
consumption (methanotrophy) of CHs in the terrestrial and aquatic ecosystems. Methanogenesis
is favored in anaerobic ecosystems, while methanotrophy is favored under aerobic conditions
(Le Mer and Roger, 2001). The net flux of CH4 to the atmosphere depends on the balance
between these two processes. In agriculture, most CHs emissions are related to enteric
fermentation and rice cultivation, while aerobic conditions in agricultural arable soils promote
CH4 oxidation, causing these soils to act as CHa sinks (Aronson et al., 2013). However, the
meta-analysis by Aronson and Helliker (2010) indicated that agricultural soils, particularly
those fertilized with N, exhibit significantly lower CH4 oxidation rates compared to natural
soils. Fertilizing with high N rates could compromise CHs4 consumption by soil
microorganisms. Methanotrophs and ammonia oxidizers can switch substrates, thus NH4* could
compete with CHs and inhibit the CH4 uptake by soil microorganisms when are exposed to high
NH,4" concentrations (Wu et al., 2022). Several studies conducted in non-flooded Mediterranean
agroecosystems have shown that soil acts as a net CH4 sink, with no significant impact on CH4
oxidation regardless N fertilization (Guardia et al., 2020; Montoya et al., 2021a, 2018).
Agricultural practices such as tillage can also influence methanotrophic organisms. The recent
review by Lim et al. (2024) and the meta-analyses by Maucieri et al. (2021) showed no apparent

effects or even a reduction in CH4 emissions when comparing no tillage and conventional tillage
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in upland agricultural soils. According to the global meta-analysis by Qiao et al. (2015), and
studies performed in semiarid Mediterranean (e.g., Guardia et al., 2023, 2021), the use of Nls

had no effect on CHs soil fluxes.

The effect of residue input and temporal mineralization pattern is expected to influence both
ecosystem respiration and CHg uptake in cover cropping systems, also depending on cover crop
species and synthetic N application (Sanz-Cobena et al., 2014a; Wang et al., 2022). In this
context, Ho et al. (2015) observed an enhancement in methanotrophic activity in soil after
amendment with different biobased residues in an incubation experiment, probably due to
increased nutrient availability in these soils. However, under field conditions, there is limited
information about the effect of different crop residues on CH4 oxidation capacity, particularly

when both green manure and maize stover are co-applied.
1.9. Use of stable isotope 1N tracing techniques in

Mediterranean croplands and pre-alpine grasslands

The use of the stable isotope °N is one of the most powerful tools for studying N flows in
agroecosystems (Scheer and Rdtting, 2023) and is critical in the pursuit of sustainable
agriculture. By using °N tracing techniques, it is possible to determine the sources of N,O
emissions (Guardia et al., 2016a; Ibraim et al., 2019), quantify the soil N transformation rates
(Elrys et al., 2021; He et al., 2020), accurately calculate NUE in crops (Yan et al., 2020), asses
soil N2 losses (Friedl et al., 2023; Yankelzon et al., 2024), and ultimately to determine the fate

of N applied via organic or synthetic fertilization (Ding et al., 2019; Guardia et al., 2018).

Tracing the fate of fertilizer-derived N in soil has gained increasing attention in recent years
due to its direct implications for NUE and its environmental impact (Sha et al., 2020). Labeled

N tracing techniques have been widely used to monitor the fate of applied N across various
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pools (i.e., crop biomass, soil, gaseous emissions and leachates), thereby allowing accurate
quantification of fertilizer recovery in crops and other N reservoirs (Couto-Vazquez and
Gonzalez-Prieto, 2016; Guardia et al., 2018; Wang et al., 2016). The meta-analysis by Yan et
al. (2020) indicated that, based on results from unfertilized plots used as control, approximately
55% of the N uptake in crops came from sources other than current-year fertilizer, while
fertilizer N recovery increased to 61% in studies using **N-labeled methods. Field experiments
conducted under Mediterranean conditions reported fertilizer N recovery rates of 33% in wheat
(Ichir et al., 2003) and 68% in maize (Guardia et al., 2018) when synthetic fertilizers were
applied. In grassland systems, cattle slurry application led to N recoveries ranging from 42% to
47.5% (Schreiber et al., 2023) and from 7% to 16% (Zistl-Schlingmann et al., 2020a). The
effects of enhanced-efficiency fertilizers on N recovery have also been extensively studied. A
meta-analysis of N enrichment experimental data reported an average increase of 10.5% in
crop fertilizer N recovery when Nls such as DCD or DMPP were applied (Sha et al., 2020).
However, this study highlighted a knowledge gap regarding the effects of DMPSA application,
particularly in rainfed semiarid cropping systems. In an irrigated Mediterranean maize field
study, no significant differences in plant N recovery were reported when using DMPSA

(Guardia et al., 2018).

The use of N tracing techniques can also provide accurate insights into the contribution of N
pools other than synthetic N fertilizers (e.g., soil endogenous mineral N, N mineralized from
crop residues) to crop N uptake (Guardia et al., 2018; Taveira et al., 2020). Despite numerous
studies addressing N recovery from fertilizer in crops (Gardner and Drinkwater, 2009; Yan et
al., 2020), field data on N recovery from crop residues remain scarce. Taveira et al. (2020)
reported residue-N recovery ranging from 10% to 30% depending on the type of crop residue
and the subsequent cash crop. Similarly, Hu et al. (2015) reported an initial crop residue N

recovery of 3.1% in the first year, with cumulative recovery up to 21% over four consecutive
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cropping cycles. To our knowledge, no field studies have investigated crop residue N recovery

under Mediterranean climate conditions.

Attributing N2O emissions to the different processes responsible for its production is
challenging, as these processes can occur simultaneously in different soil microsites
(Butterbach-Bahl et al., 2013). The use of °N tracing techniques allows an accurate mechanistic
understanding of N2O production in soil and the contribution of the different N sources, both
endogenous and exogenous (Guardia et al., 2018; Machado et al., 2021; X. Zhu et al., 2019).
For instance, in an irrigated maize crop in central Spain, between 10% and 20% of N.O
emissions were derived from synthetic N fertilizer, with a higher contribution when barley was
used as a cover crop compared to vetch (Guardia et al., 2016a). Under similar conditions,
Guardia et al. (2018) reported that NH4" from fertilizer was the major contributor to N>O
emissions during the days of highest emissions, with emissions significantly reduced when
DMPSA was applied. Using a simulation model based on studies with *®N—enriched wheat,
barley and mustard crop residues, Delgado et al. (2010) found that crop residues contributed
less to emissions than synthetic fertilizers. To date, no studies have investigated the contribution
of crop residues to total N2O emissions or fertilizer N recovery in cover crop-maize rotations
in Mediterranean agricultural soils using °N-tracing techniques. In grassland soils, the
contribution of sources other than fertilizer N to N.O emissions has also been reported, with
60% of total cumulative N2O emissions derived from the applied fertilizer (Dannenmann et al.,

2024).

Another method that enables source partitioning of different NoO emission processes is the
measurement of N2O isotopocules (**N**N®0, “NN?®0, N*N*®Q, and “N“*N*0) (Ibraim
etal., 2020, 2019). The site-specific °N/**N isotope-ratios at the central (alpha, «) and external
(beta, ) positions of N>O allow differentiation between soil-derived N2O from nitrifier

denitrification (referred to as NoOp) and N2O produced via nitrification, abiotic pathways, and
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fungal denitrification (referred to as N2On). The intramolecular distribution of the *N into the
a and g positions in N2O, referred to as site preference, is lower for N2Op (-0.9 = 4.1%o)
compared to N2On (32.8 £ 2.2%0) (Denk et al., 2017; Koba et al., 2009). Using isotopocule
methods in grasslands, Bracken et al. (2021) reported a generally higher contribution of
nitrification to N2O emissions compared to denitrification, with an increased proportion of
denitrification-derived N.O at higher soil water contents. Furthermore, Buchen et al. (2018)
suggested that nitrifier denitrification and/or denitrification coupled with nitrification are also

relevant N2O-producing processes in grassland soils.

In addition to N2O, another potential N loss from agroecosystem is N2 emissions from
denitrification (Butterbach-Bahl et al., 2013). The commonly applied non-isotopic techniques
allow for the quantitative analysis of NO and N0 as intermediate products of denitrification,
but do not measure the final product, No. Although N2 emissions are environmentally benign,
they result in economic losses and detrimental effects on crop productivity and NUE. Recently,
Pan et al. (2022) reported a global mean denitrification emission factor (N2 + N2O) of 4.7% of
applied fertilizer based on a global synthesis. However, due to limitations in the dataset used in
the study, this emission factor may be underestimated. For instance, in a grassland experiment,
N> losses represented 31-42% of the applied slurry-N (Zistl-Schlingmann et al., 2019).
However, the N losses were lower (7.5% of the applied N) when applying synthetic fertilizer
in a wheat experiment (Yankelzon et al., 2024). Dinitrogen emissions remain a major
uncertainty in ecosystem N balances, primarily due to the challenges of measuring soil N>
emissions against the high atmospheric N2 background (Friedl et al., 2020). The helium/oxygen
(He/O,) atmosphere method and the ®N gas flux method (**NGF method) enable the
measurement of both N2O and N2 denitrification fluxes (Friedl et al., 2020). The former is an
incubation system that replaces the soil atmosphere with He and is limited to laboratory

experiments. In contrast, the °NGF method is suitable for field experiments, making it one of
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the most effective techniques for in situ denitrification measurement (Micucci et al., 2023). The
1’NGF method employs a stable isotopic tracer (**NO3") with a high N atom% enrichment to
quantify denitrification by monitoring the *°N signature of soil N2 and N2O emissions. Using

the > NGF method, studies have demonstrated that N2 losses are higher than N2O emissions.

Another important application of N isotopes in agriculture is their use in calculating gross N
transformation rates in soil through the **N pool dilution technique. The principle of this
technique involves labeling a specific N pool with °N and subsequently monitoring its dilution
due to the influx of naturally occurring N (Hart et al., 1994; Murphy et al., 2003). Gross N
transformation rates provide a more accurate estimation compared to net N rates, which usually
underestimate N dynamics in soil. The first calculations were developed by Kirkham and
Bartholomew (1954), who derived equations for calculating gross mineralization and
nitrification rates. Currently, numerical models have been developed to calculate gross N
transformation rates using algorithms that consider the kinetics of individual N transformation
processes (He et al., 2020; Miiller et al., 2007, 2004a). However, there is a lack of **N—tracing
field experiments investigating how different tillage systems (conventional tillage vs. tillage)
in combination with N fertilizer application (with or without the NI DMPSA) could influence

gross N transformation rates and fertilizer N recovery.
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CHAPTER 2: OBJECTIVES

The mitigation of N2O emissions from agricultural practices is a critical component in the fight
against climate change. Reducing atmospheric N2O concentrations is essential for limiting
global temperature increases to 1.5°C above pre-industrial levels. Effective mitigation requires
a comprehensive understanding of the biochemical processes driving N2O production, which
are primarily mediated by soil microbial activity. In this context, the research gaps that have
been addressed in this thesis are related to: i) the effectiveness of DMPSA in reducing N2O
emissions under conservation tillage and in Mediterranean croplands, ii) the effect of the
combination of conservation agricultural practices, such as cover crops and the input of crop
residues, on GHGs emissions and crop yields, iii) the effect of crop residue C:N ratio and the
different periods of the cover cropping cycle on GHGs emissions, iv) the effect of cover crops
on N dynamics when applying maize crop residues and N synthetic fertilization, and v) the N
transformation processes responsible of gaseous N losses in agricultural soils. Thus,
implementing agricultural practices that reduce N>O emissions without compromising crop
yields is imperative. This not only involves adopting best management practices but also
gaining a deeper understanding of the N cycle within agricultural ecosystems. One of the most
valuable tools in this effort is the use of experimental °N tracing studies. These studies provide
accurate insights into the fate of applied N, distinguishing between N used for plant growth and
N lost through gaseous emissions, including N2O. Furthermore, *N tracing enables the
identification of specific pathways and environmental conditions that drive N2O production,
facilitating the development of targeted mitigation strategies. Consequently, these studies not
only contribute to the understanding of N dynamics in agricultural soils but also support the
design of more sustainable agricultural systems aligned with climate change mitigation and

adaptation goals.
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In this context, the main objective of this thesis is:

“To evaluate sustainable agricultural practices that combine crop residue management and N
fertilization in rainfed and irrigated crops, with the aim of mitigating N2O emissions without

compromising crop yields, focusing on the mechanisms involved in N cycle transformations ”.

To achieve this, the research has been structured into three experiments conducted under
Mediterranean climatic conditions, along with an additional experiment carried out in a pre-
alpine grassland in southern Germany as part of a predoctoral stay. These experiments are
presented in four distinct chapters, each with its own specific objective and related hypotheses.
The hypotheses were formulated before the experiments were conducted, taking into account

the available scientific literature.

Objective 1: To evaluate the effect of the combination of different tillage management
(conventional tillage, T, or no tillage, NT) with the application of N fertilizer enhanced with
DMPSA as nitrification inhibitor or without DMPSA on the biochemical processes responsible
for N2O emissions and on the N fate in a rainfed barley crop under Mediterranean conditions

using a *N-labeled fertilizer.

Related hypotheses:

H1.1) DMPSA would mitigate N.O emissions from nitrification of both exogenous and

endogenous NHz*-N in T and, particularly, in NT.

H1.2) Nitrification would be the main process affecting N2O emissions, as commonly

observed in calcareous and low soil organic matter content soils.
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Objective 2: To assess the combined effect of residual N from the previous crop and the
residues management (higher residue input when left on the surface, or reduced input after
partial removal and deep incorporation) with the integration of different cover crop species
(vetch as a legume and barley as a cereal) compared to bare fallow on GHG emissions and

cash crop (maize) yield under Mediterranean conditions.

Related hypotheses:

H 2.1) Greater inputs of maize residue (high C:N ratio) may reduce N2O emissions
before maize fertilization in a subsequent campaign, due to immobilization,
while also increasing N2O emissions after synthetic N application, due to the

release of N and particularly labile C for denitrifiers.

H 2.2) The legume cover crop would increase N2O emissions due to its reduced
effectiveness in terms of offsetting residual N and due to the mineral N input
increase from the decomposition of their N-rich residues, which would increase

yield-scaled N2O losses in comparison to the cereal cover crop and bare fallow.

H 2.3) The residual N from the previous cropping season would increase N2O emissions
and drive the performance of cover crops compared to bare fallow, especially

during the cover cropping phase.

Objective 3: To evaluate the combined effect of the incorporation of maize residues with two
different cover crop species (barley and vetch) compared to bare fallow on the biochemical
processes responsible for N2O emissions and on the N fate of synthetic N applied in a maize
crop under Mediterranean conditions using °N-labeled maize residues and a °N-labeled

fertilizer.
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Related hypotheses:

H 3.1) The use of vetch as a legume cover crop and as green manure would increase
N20 emissions derived from both soil endogenous N and maize residues from

the previous cropping system.

H 3.2) The incorporation of recalcitrant crop residues, such as those from maize stover,
would be slowly mineralized, resulting in a limited contribution to N2O

emissions during the subsequent cropping year.

H 3.3) Despite irrigated conditions, nitrification would be a relevant process
influencing N2O emissions, particularly when no C-rich cover crop residues are

applied.

Objective 4: To quantify the fate of N (soil, plant and leaching) and the N>O and N2 emissions
in a pre-alpine grassland soil, as well as the relative contribution of nitrification and

denitrification processes to N gas fluxes, using a °N-labeled fertilizer.

Related hypotheses:

H 4.1) Denitrification rather than nitrification would be the dominant process

contributing to N2O emissions under high WFPS values.

H 4.2) N2 could be a major N loss pathway and predominantly explain the unrecovered

N in the crop.
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CHAPTER 3: MATERIALS AND METHODS

3.1. Site description

3.1.1. Experiments 1, 2 and 3

Three field experiments were conducted at the “Centro Nacional de Tecnologia de Regadios”
(CENTER), located in San Fernando de Henares, Madrid, Spain (40° 25° 1.31>° N, 3° 29’

45.07>> W) (Figure 3.1).

Comunidad
de Madrid Google

ologies, Datos del mapa ©2024 Inst. Geogr. Nacional

Figure 3.1. Location of Experiments 1 — 3 at the “CENTER " experimental field.
The area is characterized by a semiarid Mediterranean climate with high interannual variability.
The mean air temperature and accumulated rainfall from 2006 to 2021 were 14.2°C and 401
mm, respectively. The climatological data (rainfall, air and soil temperature) were collected
from the information of a meteorological station located at the CENTER and provided by the
“Sistema de Informacion Agroclimética para el Regadio” (SIAR) webpage

(https://eportal.mapa.gob.es/websiar/SeleccionParametrosMap.aspx?dst=1). The soil has been

classified as a Typic Xerofluvent (Soil Survey Staff, 2014) which main physicochemical

properties of the topsoil before the experimental studies are included in Table 3.1.
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Table 3.1. Main physicochemical properties of the topsoil in Experiments 1 — 3.

Property Value Method
Experiment 1 Experiments 2 and 3
(0—10cm) (0—10cm)
pH 8.16 £ 0.02 8.16 £ 0.02 H.O (1:2.5)
Electric conductivity (mScm?)  0.49 +£0.02 0.2 H,0O (1:5)
Texture Silt loam Silt loam Bouyoucos
Clay (%) 9.2+0.3 10.0
Silt (%) 595+1.0 59.5
Sand (%) 31.3+£0.9 30.5
CaCO; (%) 9.86 +0.92 8.16 Bernard calcimeter
N (%) 0.13+0.00 0.16 £0.01 Kjeldhal
Organic matter (%) 1.44 +0.03 2.07 Walkey-Black
Bulk density (g cm?) 1.20+£0.01 Core method
Non-tilled plots 1.19 + 0.06
Tilled plots 1.12 +0.05

3.1.2. Experiment 4

The experiment was set up in the installations of the Institute of Meteorology and Climate
Research Atmospheric Environmental Research (IMK-1FU) at the Karlsruhe Institute of
Technology (KIT), located in Garmisch-Partenkirchen, southern Germany (Figure 3.2). The
area is characterized by a humid continental climate, with an average annual temperature of 7.7
°C and approximately 1,400 mm annual precipitation. To conduct the experiment, intact plant-
soil mesocosms from the Graswang experimental site (DE-Gwg, 864 m a.s.l.) (Kiese et al.,
2018) were translocated to a similar grassland site at Garmisch-Partenkirchen (Alpine Campus
of KIT, IMK-IFU, 730 m a.s.l.) on 7 July 2023. The soil of the mesocosms is a C-rich (9% soil
organic carbon in the topsoil) Haplic Cambisol, with 0.8% total N, silt loam texture (10% sand,
68% silt and 23% clay) and neutral pH due to carbonate content. More information about the
main physicochemical characteristics of the soil are available in Schreiber et al. (2023). The

vegetation is dominated by perennial herbs, including Plantago lanceolata L., Trifolium repens
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L. and Prunella vulgaris L., as well as the perennial grass Festuca rubra L. (Zistl-Schlingmann
et al., 2020b). During 2022-2023, the mesocosms were under extensive management, receiving
two cattle manure fertilizer applications per year (40 kg N ha? each) and undergoing two

harvests per year.

Figure 3.2. Location of Experiment 4 at the IMK-IFU.

3.2. Experimental design

3.2.1. Experiment 1

A field experiment using barley (Hordeum vulgare L. ‘Esterel R1’) was carried out at the
“CENTER” experimental field (Figure 3.1). The barley crop was sown on 17 December 2018,
at a seeding rate of 200 kg ha™. The experiment consisted of a three-replicate split-plot design
with tillage as the main factor (no tillage, NT, and conventional tillage, T) arranged in a
randomized block design. The second factor consisted of three fertilizer treatments applied at
top-dressing: (1) calcium ammonium nitrate (CAN), (2) CAN with the nitrification inhibitor
DMPSA (CAN+DMPSA), and (3) a control without N fertilization (NO). The distribution of

subplots (8 m x 8 m) is shown in Figure 3.3. Fertilized subplots received 40 kg ha™* of urea at
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sowing (27 November 2018) and 80 kg N ha* of CAN at top dressing (14 March 2019). Rape
residues (4492 kg ha*, with an average C:N ratio of 22.7) were incorporated with a disc harrow
and cultivator in T plots or left on the soil surface in NT plots two months before barley sowing.

In the NT plots, glyphosate 36% w/v was applied by spraying before barley seeding.

CAN

7 2

1m

CAN + NO CAN CAN NO
DMPSA
A | A8 7 .
’a - v
7 e 7M.
Block 1 Block 2 Block 3
LEYEND
- Tillage I:l NoTillage @ Static chamber

Subplots:
N0O: control without N fertilization
CAN: Calcium ammonium nitrate at top dressing
CAN + DMPSA: Calcium ammonium nitrate + nitrification inhibitor at top dressing

Microplots:
15SAN: microplots fertilized at top dressing with 1*NI,NO; (10% atom N excess)

%
I:l AN microplots fertilized at top dressing with NI, *NO; (10% atom >N excess)
7

1SAN + DMPSA: microplots fertilized at top dressing with *NH,NO; (10% atom !*N excess)
and with DMPSA as nitrification inhibitor

I:l AN+ DMPSA: microplots fertilized at top dressing with NH,*NO; (10% atom *N excess)
and with DMPSA as nitrification inhibitor

Figure 3.3. Experimental design at dressing fertilization of Experiment 1 at the “CENTER” field
station.

Additionally, two microplots (1 m x 1 m) were established within every subplot before top
dressing fertilization, except in the unfertilized plots (Figure 3.3). The microplots consisted of

0.3 m high galvanized sheet iron inserted into the soil to a depth of 0.2 m. Each microplot was
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amended with 2 L of NHsNO3 (AN) solutions enriched with *°N at a N rate of 80 kg N ha*on
14 March 2019. The solutions consisted of °NH4*NO3 (**AN) or *NH*NO3 (A®N) (10 atom
% 5N, Campro Scientific) with or without DMPSA. To achieve a homogeneous distribution of
>N—enriched products in the soil is crucial in isotopic tracing studies (Murphy et al., 2003). For
this purpose, the microplots were divided into four quadrants (0.25 m? each) where 0.5 L of the
fertilizer solution were homogeneously applied in the surface of each quadrant with a hand

sprayer (Figure 3.4).

Figure 3.4. Application of the **N—enriched fertilizer solution in barley crop of Experiment 1.
The DMPSA inhibitor was provided by EuroChem Agro in a liquid solution and was applied
at a rate of 0.8% of the NH4"-N content of the fertilizer. Pests were managed following local
practices and irrigation was used on two occasions, on 26 March and 13 May 2019 (20 mm in
each event), due to the severe drought conditions. The barley was harvested on 13 June 2019.
The results presented in this thesis (Section 4.1 in Chapter 4) are based on the analyses
performed in the N fertilized microplots and on the NO subplots after top-dressing N

fertilization.
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In Table 3.2 are summarized the principal agricultural management events and the sampling

dates of Experiment 1.

Table 3.2. Principal agricultural management events and sampling dates of Experiment 1.

Agricultural management event

Tillage (or no tillage)

Mid-October 2018

Basal fertilization

27 November 2018

Barley sowing

17 December 2018

Top-dressing fertilization: °N fertilizer application

14 March 2019

Emergency irrigation

26 March 2019 (12 DAF)"

Emergency irrigation

13 May 2019 (60 DAF)*

Barley harvest

13 June 2019 (91 DAF)*

Sampling dates

Soil sampling at the end of experiment for *°*N recovery

7 November 2019 (238 DAF)”

Gas sampling for N2O and *N.O analyses (DAF)”

0,1,4,6,8, 13, 15, 19, 21, 26, 29, 34,
39, 42, 46, 50, 61, 63, 67, 68, 165, 166,
169, 182, 186, 193, 194, 237, 238

Soil sampling for mineral N analysis (DAF)”

0,1,4,6,13, 21, 39, 46, 67, 166, 238

Soil sampling for mineral **N analysis (DAF)"

0,1,4,6,13,21

“DAF: days after top-dressing fertilization

3.2.2. Experiment 2

A field experiment was conducted from November 2020 to November 2021 at the “CENTER”
field station (Figure 3.1). The experiment consisted of a three-replicated split-plot design with
maize residue input as the main factor and cover cropping as the split factor. Within the main
factor, two different types of plots were established: i) maize residue maintained and
incorporated by a shallow disk harrow pass at 10-15 cm depth, thus leading to a higher input of
residue in the topsoil (+R), and ii) removal of maize residue from the topsoil followed by deep
incorporation of the remaining residue up to 40 cm depth, thus leading to a lower input of maize

residue in the topsoil (-R) (Figure 3.5).
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Figure 3.5. Different maize residue input in Experiment 2: lower input (-R) after partial removal of
maize residue from the topsoil followed by deep incorporation of the remaining residue, and higher
input (+R) with maize residues being incorporated in the topsoil by a shallow disk harrow pass.

In the previous cropping season (summer 2020), maize was fertilized with urea at a rate of 200
kg N hal, obtaining 10,000 kg ha™* grain yield (data obtained from personal communication
with the field technicians). The different cover cropping treatments were bare fallow (F), a
legume (L) cover crop (vetch, Vicia sativa L. var “Rada”) and a cereal (C) cover crop (barley,
Hordeum vulgare L. var “RGT PLANET”). Bare fallow was maintained with sporadic weeds
and no labor or herbicides were applied. After cover crops termination, the bare fallow subplots
were managed in a similar way to the cover crop subplots, applying the farming procedures
described below prior to sowing the maize crop. The main factor was arranged in a completely

randomized design, while the split factor was set out with a completely randomized set-up

(Figure 3.6).

Control plots (which did not receive any synthetic N fertilization in either the 2020 maize
cropping season or the 2021 cash crop maize phase) received the same maize residue input and
cover cropping treatments. The experimental design of the control plots was similar to that of
the fertilized plots (a split-plot design with residue input and cover cropping as the main and

split factors, and with three replicates) (Figure 3.6). Control plots were located in the same
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experimental area as the fertilized plots. The dimensions of all the subplots (both fertilized and

unfertilized) were 5 m x 30 m.

Block 1 Block 2 Block 3

-
P
-
.
-
-

+RL
+RF
+RC

30 m

Block 3

30m

$Control +RCE

SNControl +ROCESNEY

LEYEND
+R: plots with higher input of maize crop residues [ ] Areawith N fertilization
—R: plots with lower input of maize crop residues P77 Area without N fertilization

L: subplots with a legume cover crop (vetch. Vicia fabaL.var “Rada”)
C: subplots with a cereal cover crop (barley. Hordewm vulgare L.var “RGT PLANET™)
F: subplots with bare fallow

Figure 3.6. Experimental design of Experiment 2 at the “CENTER” field station.
The experiment started in mid-November with the management of maize straw from the
previous cropping season. The average C:N of the maize residue was 89.5. Vetch and barley
were sown at a rate of 200 kg ha™* on November 17, chemically terminated on April 13 using
herbicide (Roundup®, glyphosate 36%, 5 L ha™) and incorporated into the soil with a disc
harrow pass at 10-15 cm depth on May 6. Maize (Zea mays L. var. “Pioneer 0725” FAO 500)
was sown as the cash crop on June 10 at a rate of 9.5 plants m and was irrigated by sprinkler

using a ranger system during its cropping cycle accounting for a total of 700 mm water (ca. 50
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mm per week split into two irrigation events per week). Maize was hand-fertilized on July 19
with CAN, which was homogeneously distributed over the soil surface of each plot. Moreover,
the stainless steel rings —~where the chambers for gas sampling were subsequently placed- were
fertilized prior to the entire plot with the proportional share of the total N rate (Charteris et al.,
2020). Maize was fertilized following integrated soil fertility management practices. Briefly,
the gross N rate was calculated considering the expected yield and grain N extraction, while the
net N rate was adjusted considering the soil mineral N concentration before dressing
fertilization as well as the availability of N from the mineralization of cover crop residues. The
N from cover crop residues available for maize was estimated by multiplying the total N content
in cover crop dry biomass by the predicted % of plant available N at 10 weeks after cover crop
residue application following the approach described in Sullivan et al. (2019). As a result, N
fertilization rates of 170, 220 or 210 kg N ha™! were applied in the L, C or F subplots,

respectively. Maize was harvested at physiological maturity on November 19.

The experiment was split into three periods: 1) from mid-November 2020 to mid-April 2021,
thus considering the development of cover crops until their termination during the intercrop
period (P1); 2) from the end of P1 to maize dressing fertilization on 19 July 2021, thus
considering the incorporation of cover crops and the beginning of the development of maize
under irrigated conditions (P2); and 3) from maize fertilization to maize harvest on 11

November 2021 (P3).

The principal agricultural management events and the sampling dates of Experiment 2 are

shown in Table 3.3.
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Table 3.3. Principal agricultural management events and sampling dates of Experiment 2.

Agricultural management event

Maize residue incorporation

Mid-November 2020

Cover crops sowing

17 November 2020

Cover crops harvest 12 April 2021

Cover crops chemical termination 13 April 2021

Cover crops incorporation 6 May 2021

Maize cash crop sowing 10 June 2021

Start of maize irrigation 11 June 2021

Maize fertilization 19 July 2021

End of maize irrigation End of September 2021

Maize harvest

19 November 2021

Sampling dates

Gas sampling for GHG analysis in P1 (DACCS)”

7,15, 31, 35, 43, 69, 71, 85,
90, 98, 106, 126, 137, 139, 146

Gas sampling for GHG analysis in P2 (DACCT)™

6, 10, 14, 24, 28, 50, 58, 60,
63, 66, 72, 78, 85, 92

Gas sampling for GHG analysis in P3 (DAF)™

2,4,7,9,11, 14, 16, 23, 28,
31, 37, 45, 52, 63, 79, 100, 109

Soil sampling for mineral N and DOC analyses in P1 (DACCS)"

7,31, 69, 90, 137

Soil sampling for mineral N and DOC analyses in P2 (DACCT)™

10, 24, 50, 66, 85

Soil sampling for mineral N and DOC analyses in P3 (DAF)™

2,9, 16, 23, 37, 63, 109

“ DACCS: days after cover crops sowing

“*DACCT: days after cover crops termination

“ DAF: days after maize top-dressing fertilization

P1: from cover crops sowing to cover crops chemical termination
P2: from cover crops chemical termination to maize fertilization
P3: from maize fertilization to maize harvest

3.2.3. Experiment 3

A BN tracing field experiment using microplots (1 m x 1 m) was conducted from November
2020 to November 2021 at the “CENTER? field station (Figure 3.1). This microplot experiment
was carried out simultaneously in the N-fertilized area of Experiment 2 (see Figure 3.6 in
Section 3.2.2). The microplots established in this experiment consisted of 30 cm height stainless
steel plates that were inserted into the soil to a depth of 10 cm. At mid-November 2020, nine
initial microplots were established in the subplots of Experiment 2 where maize residues from

the previous cropping season were removed from the topsoil (—R, see Section 3.2.2 for detailed
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information). Enriched >N maize residues, *>’RES (1.06% N, 42.6% C, 40.3 C:N ratio, 7.03%
atom °N) obtained from a previous field experiment (Guardia et al., 2018) were incorporated
into the topsoil of the nine initial microplots using a hoe at a rate of 950 g m~2, thus applying a

total N rate of 100 kg N ha™* (Figure 3.7).

Figure 3.7. Incorporation of **N—enriched maize residues in Experiment 3.
After that, barley (Hordeum vulgare L. var “RGT PLANET”) and vetch (Vicia sativa L. var
“Rada”) cover crops were manually sown in the microplots at the same rate as that on the
subplots of Experiment 2 (i.e., 20 g m~2), and bare fallow was also implemented in similar
microplots. Before maize (Zea mays L. var. “Pioneer 0725” FAO 500) fertilization, eighteen
additional microplots were established in the subplots of Experiment 2 where the maize
residues from the previous cropping season were incorporated into the topsoil (i.e., non-
enriched °N maize residues) (+R, see Section 3.2.2 for detailed information). Considering the
grain yield of the previous cropping season (10,000 kg ha™?), a 0.44% N content in maize stover
(data from a two-year maize experiment under similar climatic and management conditions
(Monistrol et al., 2024)), and a maize harvest index of 0.52 (Hltsch and Schubert, 2017), the
total N rate applied in the non-enriched ®N maize residue microplots was estimated to be 41
kg N ha™. The microplots were positioned so that six maize plants were inside each microplot.
Fertilization of the twenty-seven microplots was performed by applying 2 L per microplot of
fertilizer solution at a rate of 210 kg N ha=* on 19 July 2021, following the same procedure as
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that in Experiment 1. Briefly, the microplots were divided into four quadrants (0.25 m? each)
with 0.5 L of fertilizer solution homogeneously applied to the surface of each quadrant using a
hand sprayer (Figure 3.8). The fertilizer solution for the nine initial microplots (i.e., those
receiving **N—enriched maize residues) consisted of AN at °N natural abundance. The eighteen
microplots located in the subplots with non-enriched maize residues were fertilized with
®*N—-enriched AN (20% °N atom), with nine of them receiving AN and the other nine

receiving A™N.

Figure 3.8. Application of the *®*N-enriched fertilizer solution in Experiment 3
Three replicates per treatment were established in a completely randomized block design with
cover crop as main factor (barley, B, vetch, V, and bare fallow, F). The experiment was split
into two periods. The first period (P1) started in November 2020 with the incorporation of the
> N—enriched maize residues into the soil and covered the development of the cover crops, their
incorporation after being chemically terminated in mid-April, and ended before maize
fertilization on 19 July 2021. The second period (P2) started with maize fertilization and
finished with the maize harvest on 17 November 2021. An outline of the experimental design

during P1 and P2 is shown in Figure 3.9a and Figure 3.9b, respectively.
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a) Experimental design from November 2020 to 19 July 2021 (P1)

Y F B Y B F F B v VvV F B
T T T
Block 1 Block 2 Block 3

b) Experimental design from 19 July 2021 to November 2021 (P2)

F B v B F F B

v Vv

30 m

vvvvvvvvvv

fsnazzea]  Subplots with maize residue from previous cropping season

mcorporated in the topsoil.

- Subplots with maize residue from previous cropping season

removed from the topsoil.

555

with NH,NO; at *N natural abundance.

[
2

(20% atom °N).

B AN. Microplots with non-enriched maize residue and fertilized with NH,NO,

(20% atom >N).
B: barley (yellow); F: fallow (brown); V: vetch (green)

T
Block 2

I5RES. Microplots with enriched N maize residue (7% atom *N) and fertilized

15SAN. Microplots with non-enriched maize residue and fertilized with >NH,NO,

Detail of a microplot during P2

1m

# Maize plant

Figure 3.9. Experimental design of Experiment 3 at the “CENTER” field station.
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The principal agricultural management events and the sampling dates of Experiment 3 are

shown in Table 3.4.

Table 3.4. Principal agricultural management events and sampling dates of Experiment 3.

Agricultural management event

®N-enriched maize residue incorporation
Cover crops sowing

Cover crops harvest

Cover crops chemical termination

Cover crops incorporation

Maize cash crop sowing

Start of maize irrigation

Maize fertilization with AN, A®N or AN
End of maize irrigation

Maize harvest

Sampling dates

10 December 2020

10 December 2020

12 April 2021 (123 DARI")
13 April 2021 (124 DARI")
7 May 2021 (148 DARI")
10 June 2021 (182 DARI)
11 June 2021 (183 DARI)
19 July 2021

End of September 2021

17 November 2021 (DAF™)

12, 20, 28, 43, 46, 62, 67, 83, 103, 116
123, 130, 134, 138, 148, 152, 174, 182,
184, 187, 190, 196, 202, 209, 216

46, 148, 184, 190, 216
0,1,2,4,7,9,611, 14, 16, 23, 28, 31, 37,
45, 52, 63, 79, 100, 109

Gas sampling for GHG analysis in P1 (DARI)"

N0 analysis in P1 (DARI)"

Gas sampling for GHG analysis in P2 (DAF)™

®N,0O analysis in P2 (DAF)”

1,2,4,7,9, 11, 16, 23, 45

Soil sampling for mineral N and DOC analyses in P1
(DARI)”

12, 46, 67, 116, 148, 174, 190, 216

Soil sampling for mineral N analysis in P2 (DAF)™

0,124,709, 11, 16, 23, 37, 52, 109

Soil sampling for DOC analysis in P2 (DAF)™

2,9, 16, 23, 37, 52, 109

Soil sampling at the end of experiment for **N recovery

5 November 2021 (109 DAF™)

“ DARI: days after maize residues incorporation

“* DAF: days after maize top-dressing fertilization

P1: from maize residue incorporation to maize cash crop top-dressing fertilization
P2: from maize top-dressing fertilization to maize harvest

3.2.4. Experiment 4

A BN tracing field experiment using mesocosms was conducted from July to September 2023
at the IMK-IFU installations (Figure 3.2). The mesocosms consisted of 30 cm diameter x 40

cm height polyvinyl chloride (PVC) cylinders that were established in Graswang in August
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2016 (Schreiber et al., 2023) and translocated to the IMK-IFU installations at Garmisch-

Partenkirchen at the beginning of July 2023.

A total of fifteen mesocosms were used: six were used for calculating N2O and N2 losses by
applying the *>NGF method and for calculating N recovery in soil, plant, and the mineral N
leaching (set M1); six mesocosms were used for destructive soil mineral N concentration and
WEFPS analyses (set M2); and three were used for soil moisture and temperature determination

at 10 cm depth (set M3) (Figure 3.10).

OO0 Ml

000000
Mesocosm | >

‘30cm® G M3
40 cm depth 7

M1: set of mesocosms used for applying the 1N gas flux (1’NGF) method and
for calculting the 1N recovery in soil, plant, N gas losses and N leaching.
The resin bags for analysing the fertilizer N leaching were located in the
three dashed mesocosms.

M2: set of mesocosms used for analysing the soil mineral N the WFPS.

Ma3: set of mesocosms used for determining the soil moisture and temperature at
10 cm depth.

Figure 3.10. Experimental design of Experiment 4 at the IMK-IFU.

The mesocosms were fertilized with a N rate of 80 kg N ha on 14 August and 29 August (i.e.,
a total N rate of 160 kg N ha?). To distribute the *N—enriched fertilizer with optimized
homogeneity, a fertilizer solution was applied following the indications by Dannenmann et al.
(2016) with some modifications. Briefly, during each fertilization event, the six mesocosms
used for the °NGF method and °N recovery (set M1) were fertilized at a rate of 40 kg N-NH4*

hal and 40 kg N-NOs ha?* by applying 250 mL of fertilizer solution containing both
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ammonium sulphate, (NH4)2SO4, and potassium nitrate, KNOs, (98% atom >N-NO3"). A 10
mL syringe was used to homogenously distribute 25 injections of 10 mL of the fertilizer
solution all over the mesocosms surface area (Figure 3.11). After that, 250 mL distilled water
were applied twice over the mesocosms surface (30 and 60 min after fertilizer solution
application). Therefore, a total volume of 750 mL (250 mL fertilizer solution + 500 mL water)

was applied per mesocosm (i.e., 10 L ha), promoting soil denitrifying conditions.

Figure 3.11. Application of the fertilizer solution in the mesocosms.
The fertilizer solution applied to the remaining nine mesocosms, used for soil mineral N
concentration analyses (set M2) and for soil moisture and temperature determinations (set M3),
consisted of (NH4)2SO4 and KNOs, both with °N at natural abundance, and was distributed
over the mesocosms surface following the same procedure as for the mesocosms of set M1. To
promote denitrifying conditions, one week after both fertilization events (i.e., on 21 August and
on 4 September 2023), the mesocosms were irrigated to simulate a precipitation event of 30
mm by applying three doses of tap water within 1.5 hours. A summary of the principal

management events and the sampling dates of Experiment 4 are shown in Table 3.5.

Data of air temperature and pressure was obtained from a meteorological station located near

the Alpine Campus of IMK-IFU (Kiese et al., 2018). Data of soil moisture and temperature was
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obtained by inserting two sensors at 10 cm depth of each of the three mesocosms of set M3 (one

for temperature and other for moisture) connected to a data logger.

Table 3.5. Principal agricultural management events and sampling dates of Experiment 4.

Agricultural management event

Mesocosms translocation to IMK-IFU installations and
installations of the moisture and temperature soil sensors

11-14 July 2023

Installation of the resin bags 10 August 2023
Fertilization 14 and 29 August 2023
Irrigation 22 August and 4 September 2023

Grass harvest

12 September 2023 (29 DAF")

Sampling dates

Gas sampling for GHG analyses

—25, 24 and —18 DAF"
0,1,2347,8,9,10, 11, 14, 15, 16,
17, 18, 21, 22, 23 and 28 DAF"

Gas sampling for **N,O and **N analyses

0,1,2347,8,9,10, 11, 14, 15, 16,
17, 18, 21, 22, 23 and 28 DAF"

Soil sampling for mineral N analysis

-4,2,7,10, 14, 17, 20 and 23 DAF"

Resin bags sampling for mineral *N leaching analysis

12 September 2023 (29 DAF")

Soil sampling at the end of experiment for *°*N recovery

12 September 2023 (29 DAF")

“DAF: days after 1% fertilizer application

3.3. Gas sampling, analysis and calculations

3.3.1. Greenhouse gases

The closed chamber system was used to measure the GHG (i.e., N2O, CH4 and CO3) fluxes

from the soil using manual static chambers. The chambers used were opaque and made of PVC.
3.3.1.1. Experiments 1, 2 and 3 at the CENTER experimental field

The chambers were placed over stainless steel rings that were inserted 4 cm into the soil surface
to avoid the lateral diffusion of the gases. The rings were removed only during management
events. Gas samples were taken at times to, t3o and teo (60-min interval) from the headspaces of
each chamber as described in Harvey et al. (2020) using 100 ml syringes that were inserted to

3-way stopcocks fitted to the chambers. Samples were transferred to 20 ml gas chromatography
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vials sealed with a gas-tight butyl septum. Details of a manual chamber and the material used

for gas sampling are shown in Figure 3.12.

W N =
100 mL plastic syringe T\"’

= Roean /‘?\
" > a3
= . i
poc LN i~
! N S
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pay - A #
3-way stopcocks key

Figure 3.12. Detailed image of a closed manual chamber and the materials used for sampling
greenhouse gases.

To minimize the effects of diurnal variation emissions, the samples were always taken at the
same time of day (10-12 am). The GHG concentration in the samples was determined with an
HP-6890 gas chromatograph (GC) equipped with an HTC-3 Headspace autosampler, both from
Agilent Technologies (Barcelona, Spain). The samples were carried through HP Plot-Q
capillary columns connected to a 3Ni micro electro capture detector to analyze N,O, and to a
flame ionization detector to measure CH4 and CO.. Two gas standards with lower (500.0 + 2.5
ppm CO2, 2.00 £ 0.10 ppm CH4 and 500 £ 15 ppb N20) and higher (1500.0 £ 7.5 ppm CO.,
10.0 £ 0.1 ppm CHs and 2.0 £ 0.1 ppm N20) GHG concentrations were provided by Carburos
Metalicos S.A. (Barcelona, Spain). The two standards were diluted with N2 (1:1; v:v) to perform
a calibration curve for the GHGs with four different concentrations: two original standards and
two diluted standards. The response of GC was linear within the CO2, CHs and N2O

concentrations of the standards (250 — 1500 ppm COg2; 1 — 10 ppm CHs and 250 — 2000 ppb
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N20). The increases in GHG concentrations within the chamber headspace were generally

linear (R? > 0.95) during the chamber closure time (60 min).

Daily GHG fluxes (mg N2O-N m2 d %, mg CO,—~C m2d?, and mg CHs—C m2 d %) were
estimated as the slope of the linear regression between concentration and time, and the ratio
between chamber volume and soil surface area. Cumulative gas emissions of the different
GHGs (mg N2O0—N m™2; g CO,—C m2, and mg CHs—C m™2) analyzed during the experimental
period were estimated by multiplying the average flux of two successive determinations by the
time interval between samplings, and then adding that amount to the previous cumulative total

(Venterea et al., 2020).

In Experiment 1, one chamber (13 cm height x 35 cm dimeter, 12.5 L volume) was placed in
every microplot, and the aboveground biomass of barley plants was placed inside the chamber’s
headspace during samplings (Figure 3.13). Cumulative N2O emissions were calculated

distinguishing the period before barley harvest and the postharvest period.

Figure 3.13. Location of the manual static chambers used for gas sampling in the barley crop of
Experiment 1.
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In Experiment 2 one chamber (24 cm height x 35 cm diameter, 23.1 L volume) was placed in
every subplot. During cover crop development the aboveground biomass of the plants were
located inside the chambers during gas sampling. During the maize cropping phase, the

chambers were located between two maize lines (Figure 3.14).

Figure 3.14. Location of the manual static chambers used for gas sampling in the barley cover crop
(left) and in the maize cash crop (right) in Experiment 2.

Cumulative GHG emissions were calculated at the end of the three different periods of the
experiment (see Section 3.2.2). Yield-scaled N2O emissions (YSNE) expressed as g N2O—N kg
grain~* were calculated as the ratio between the total cumulative N2O—N emissions and maize
grain yield. The N2O emission factor (EF) was estimated as the ratio of total cumulative N.O—N
emissions, subtracting those of the corresponding control, to the synthetic 170, 220 or 210 kg

N ha* applied in the legume, cereal or fallow plots, respectively.

In Experiment 3, soil-atmosphere exchange of N2O and CO, was measured using similar static
chambers than those used in Experiment 1. The aboveground biomass of the cover crops was
placed inside the chamber’s headspace during samplings (Figure 3.15). The chambers were

placed next to the maize rows during maize growing phase (Figure 3.16). Cumulative GHG
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emissions were calculated at the end of the two different periods of the experiment and

considering the whole experimental period (see Section 3.2.3).

Fallow

Figure 3.15. Location of the manual static chambers used for gas sampling during cover crop
development and until maize fertilization (P1) of Experiment 3.

Figure 3.16. Location of the manual static chambers used for gas sampling after maize fertilization
and until maize harvest (P2) of Experiment 3.

3.3.1.2. Experiment 4 at the IMK-IFU

Greenhouse gases from the soil mesocosms of set M1 (Figure 3.10 in Section 3.2.4) were
sampled using 13 cm height x 30 cm diameter PVC chambers. During sampling, the chambers
were fitted to the top of the PVC cylinder of the mesocosms (Figure 3.17). Greenhouse gas
samples from the chamber headspace were taken using a 30 mL syringe fitted to a three-way

stopcock connected to the chambers, and the gas sample was overpressure flushed into 10 mL
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GC vials. The concentrations of GHGs (N20O, CH4 and N2O) were analyzed using a GC analyzer
connected to an autosampler (SRI 8610C, SRI Instruments, Torrance, USA), following the
method described by Rehschuh et al. (2019). Fluxes of GHGs were calculated from the slope
of the linear increase or decrease in the four concentrations measured during the closure time (t
=0, 15, 45 and 180 min). Gases flux rates (ug N2O-N m? h, mg CO.-C m? h't and pg CHa-
C m? h'Y) were calculated according to the equations described by Scheer et al. (2014), and
corrected for air temperature, atmospheric pressure, and the ratio of chamber volume to surface

area.

e ==
S Tetr e .

12 mL exetainer = oty S
GC vials

Figure 3.17. Manual static chambers used for greenhouse gas sampling at the IMK-IFU

3.3.2. ’N20 analysis in Experiments 1 and 3

In the microplots amended with a *N source (**NHsNOs;, AN; NHi®NOs;, A®N or
> N—enriched maize residues, 1°RES) in Experiments 1 and 3, on the same dates when GHGs
were sampled, pre-evacuated 12 ml exetainer GC vials (Labco Limited, Lampeter, UK) were
filled with gas samples from the headspace of the chambers at t = 0 min for one replicate of

each treatment, and at t = 60 min closure time for every chamber.
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The gas samples of Experiment 1 were sent to Rothamsted Research (North Wyke, UK) to
measure the °N enrichment of N.O using a TG2 trace gas analyzer interfaced to a 20-22 isotope

ratio mass spectrometer (IRMS) (both from SerCon Ltd., Crewe, UK).

The gas samples of the Experiment 3 were sent to the stable isotope facility at the University
of California (Davis, California, USA) to analyze the N enrichment of N2O using a Thermo
Scientific GasBench + PreCon trace gas concentration system interfaced to a Thermo Scientific
Delta V Plus IRMS (Bremen, Germany). Of all the gas samples taken during the experiment,
only those that were considered most useful for understanding the dynamics of N.O emissions
were sent for °N analysis. For this purpose, the N2O concentrations previously measured in the
laboratory with the GC, as well as relevant agronomic events (e.g., the incorporation of cover

crops, the start of maize irrigation, or the period after maize fertilization) were considered.

The equations used for calculating the different parameters related to °N,O analysis are shown
in Table 3.6. The N2O in the headspace of the chamber was a mix of atmospheric N2O at the
time of chamber closure and the N2O emitted from the soil. Equations 1 and 2 were used for
calculating the N abundance of emitted N.O (atom % *N-N»Oem) considering the **N
abundance of the headspace sample (atom % °N-N,Omix) and the ambient air (atom %
15N -N20:air), and the N2O concentrations of headspace samples (Cmix), the ambient air (Cair) and

the emitted N2O (Cem).

The atom % excess (ape) of the emitted N2O (ape °N2Oem), as well as that of the > AN (ape
15AN) and AN fertilizers (ape A®N), and of the maize residue (ape °RES), were calculated
according to Equations 3 and 4, by subtracting the 20 atom % or 10 atom % in the >AN and
AN fertilizers used in Experiment 3 and Experiment 1, respectively (Campro Scientific), or

to the 7.03 atom % in the maize residues used in Experiment 3.
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The proportion of N>O emitted derived from the *AN (%N20-Nisan) or AN fertilizers
(%N20-Nasn), or from the *RES (%N20-Nisres) was calculated following Equation 5. The

proportion of N2O emitted derived from the fertilizer (%6N20-Nrert) was calculated by adding

the %N20-N1san to the %N20O-Naisn (Eg. 6). Equations 7, 8 and 9 were used to calculate the
proportion of N2O emitted from soil endogenous N (%N20-Nsoil). Equation 7 was used in

Experiment 1, while Equations 8 and 9 were used during P1 and P2 of Experiment 3,
respectively. Note that soil endogenous N refers to all the N in the soil except for that derived
from the applied ®N—enriched sources (i.e., from the *®N-labeled fertilizers in Experiment 1,
and from the *N-labeled fertilizers together with the N from the *N-enriched maize residues
in Experiment 3). Therefore, soil endogenous N includes the available mineral N at the
beginning of the experiment from previous cropping season, N from the mineralization of SOM,
and, in the case of Experiment 3, also N from cover crops residues mineralization and from

biological N fixation.

The daily fluxes of N2O-N derived from the °AN fertilizer, from the AN fertilizer or from
the RES (N20-Nisan, N20-Naisn or N2O-Nisres) were calculated according to Equation 10.
The daily fluxes of NoO-N derived from the fertilizer (N2O-Nrert) were calculated according to
Equation 11. The daily fluxes of N2O-N derived from the endogenous soil N (N2O—Nsoir) during

P1 and during P2 were calculated according to Equations 12, 13 and 14. Equation 15 explains

the calculations of the N2O EF following maize fertilization using the °N tracing technique.
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Table 3.6. Equations for calculating parameters related to *>N,O analysis.

Parameter Units Equation Eq. References
number
Cem ML N2O LY | Com = Conix — Cair Eqg.1 Lietal.
atom % ®N—NoOem | % atom % *N-N,0,,, Eq. 2 (2016)
= (atom % > N- Ny Opix X Cpix, Xu et al.
— atom % > N-N,04ir X Cair)/Com (2019)
ape *N2Oen % ape®N,0,,, = atom %5 N-N,0,,, — atom % 5 N-N,04;, Eq. 3
ape AN % ape'®AN (or ape AN or ape'®RES) Eq. 4
ape AN = atom %S AN (or atom % AN or atom %*°RES)
ape ®RES —atom %15Nbackground
%N20—Nisan % %N, 0-Nys 4y (07 %N, 0-Nyqsy 0 %N, 0-Nysges) Eq.5
%N2O—Naisn ape >N,0,,,
%N20—Nisres - <ape 15AN (or ape AN or ape 1>RES) ) x 100
%N20—Niert % %N, 0-Nyery = %N, 0-Nysay + %N, 0-Nyysy Eq. 6
%N20—Neoil % %N, 0-Ngoyy = 100 — %N, 0-Nypy OF Eq.7
%N, 0-Ngp;; = 100 — %N, 0-Nyspgs OF Eq. 8
%N, 0-Ngoy = 100 — (%N,0-Npore + %N, 0-Nyspis) Eq.9
N2O-Nisan mgNm?d*  N,0-N;s,y (or NyO-Nyqsy or NyO-Nyspps) Eqg. 10
N20O-Naisn %N,0-Ny54y (or %N, 0-Npysy 0r %N, 0-Nysges)
= X Nz0-Niotar
N20O-Nisres 100
N2O-Nrert mg Nm?d® | NyO-Nrere = N;O-Nysay + NpO-Nygsy Eqg. 11
N20-Nsoil mg Nm?d™* | NyO-Ngpi; = NyO-Niorqr — NpO-Npgre  OF Eqg. 12
N;0-Nsoji = N2O-Niotqr — N2O-Nisgps OF Eq. 13
NZO'Nsoil = NZO'Ntotal - (NZO'Nfert + NZO'N15RES) Eq' 14
EF % EF — (total NZO—Nfert) 100 Eqg. 15

total Nfert
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‘Cmix " is the concentration of the total NO (UL N2O L) in the chamber headspace at t = 60 min at each sampling date.

‘Cem” is the concentration of the emitted N,O (UL N2O L) in the chamber headspace at t = 60 min at each sampling date.

‘Cair " is the concentration of the atmospheric air N,O (UL N2O L) in the chamber headspace at t = 0 min at each sampling date.

‘atom % "°N-N2Oem " is the *°N abundance of the emitted N,O after 60 min chamber closure at each sampling date.

‘atom % “*N-N,Onmix’ is the N abundance of the N,O in the chamber headspace at t = 60 min at each sampling date.

‘atom % *N-N,Oy;;’ is the average °N abundance of N,O in the chamber headspace at t = 0 min at each sampling date.

‘ape N,Ocn’ is the atom % *°N excess of the emitted N,O after 60 min chamber closure at each sampling date.

‘ape "AN’, ‘ape AN’ and ‘ape "RES’ are the atom % 5N excess of the ®NH4NO3 (**AN), NH4°NO; (A'*N) and **N-enriched maize residues (**RES),
respectively.

“%N20—Nispan’, ‘Y%N20—Nasn’ and “%N20—Nisres”’ are the proportion of N2O derived from the AN fertilizer, from the A™N fertilizer and from the
BRES, respectively.

‘N20-N1san’, “N2O-Natsn’ and ‘N2O-Nisges’ are the daily fluxes of N,O derived from the *AN fertilizer, from the AN fertilizer and from the °*RES
measured in the chamber headspace at each sampling date, respectively.

‘N20-Niotar’ is the daily flux of the total N,O measured in the chamber headspace at each sampling date.

‘EF” is the fertilizer NoO emission factor.

“Total N-O—Nrr’ is the cumulative N>O emissions derived from the applied fertilizer (kg N ha™?).

“Total Nrr’ is the fertilizer N rate (kg N ha™). The N fertilization rate was 80 kg N ha*and 210 kg N ha™* in Experiment 1 and 3, respectively.

The atom % of the 1>AN and AN fertilizers used in Experiment 1 and Experiment 3 were 10% and 20%, respectively.

The atom % of the ®RES used in Experiment 3 was 7.03%.

The atom % of the air background used for calculating the ape >AN, ape AN and ape **RES was 0.3667%.
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3.3.3. 5N gas flux method in Experiment 4

The ®'NGF method was used to quantify N2 losses from the fertilizer as described in detail by
Dannenmann et al. (2024) and Yankelzon et al. (2024). Pre-evacuated 12 mL Labco exetainer
GC vials were filled with gas samples taken from the chamber headspace of mesocosms of set
M1 (Figure 3.10) at the same closure times as for GHGs measurement (i.e., 0, 15, 45 and 180
min after chamber close) using 20 mL syringes. These vials were analyzed for N2 and N2O
isotopologues (*°*NYN, NN; [*N°N*0 + >*N“N!*Q] and ®N*N®0) using an Isoprime
PrecisION IRMS (Elementar UK Ltd. Stockport, UK), coupled to an iso FLOW GasBench

(Elementar UK Ltd. Stockport, UK).

Emissions of N, were calculated using the ®NGF method (Friedl et al., 2020). Briefly,
measurements of the ion currents (1) via IRMS at the mass-to-charge ratios (m/z) 44, 45, and
46 enabled the molecular ratios °R (**1/441) and *éR (*®1/**1) to be calculated for N2O. The | at
m/z 28, 29, and 30 allowed the molecular ratios 2°R (*81/%°1) and *°R (*®1/*°1) to be calculated for
N2. Assuming that all N2 and N2O produced by denitrification originate from the same pool of
NOs", the N enrichment of the soil NOs~ pool undergoing denitrification (a, N2 and a, N2O)
and the fraction of N2O and N emitted from this pool (f,) were calculated according to Friedl|
et al. (2023) and Spott et al. (2006). Furthermore, a, N2O was used to calculate N2 fluxes

(Stevens and Laughlin, 2001).

The headspace concentrations of N2O and N2 were multiplied by the respective f, values giving
N2O and Nz produced via denitrification (referred to as N2 and N2Og), with their respective
fluxes expressed in g N2 or N2O¢—N emitted g~* soil day*. Emissions of N.O derived from
nitrification mediated pathways (N2On) were calculated as the difference between daily N2O

emissions and N2Og.
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The precision of the IRMS for N2 based on the standard deviation of atmospheric air samples
(n = 18) at 95% confidence interval (Friedl et al., 2020) was 1.2 x 10°and 2.4 x 107 for R
and *°R, respectively. The corresponding method detection limit ranged from 14 g N>—N ha*
day ! with a, assumed at 60 atom % to 24 g No—N ha* day * with a, assumed at 35 atom %.
The product ratio of denitrification (N2Od/(N20q + N2)) was used to calculate N2 fluxes, if both
2R and *R were below the respective precision of the IRMS. Calculated N20O¢/(N2Og + N2)
ratios were gap filled using linear interpolation between calculated ratios for the respective
chambers, and if that was not possible, by using the average across calculated ratios for the
respective day. Product ratios were then used to calculate N2 fluxes using the corresponding

N2Oyq fluxes.

The percentage of fertilizer losses via N, emissions was calculated as the ratio of 1°N atom
excess % of N, emitted and the °N atom excess % of the N fertilizer applied and multiplying

it per 100.

3.4. Soil sampling, analysis and calculations

In Experiments 1 — 3, samples of the topsoil (0-10 cm depth) were taken using stainless steel
cores (4.5 cm diameter, 10 cm length) to analyze soil mineral N, dissolved organic C (DOC)
and for calculating the WFPS throughout the experiments. Samples were taken at least once a
month, with the sampling frequency being increased up to 2-3 times per week after fertilizer
application, irrigation, or agricultural management events such as cover crops incorporation
(see the sampling frequency for Experiment 1, Experiment 2, and Experiment 3 in Table 3.2,
Table 3.3, and Table 3.4, respectively). Soil samples were stored at -20 °C when the mineral N
and/or DOC extractions were not performed immediately after soil was brought to the

laboratory.
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In Experiment 4, the topsoil (0 — 15 cm) of the mesocosms of set M2 (Figure 3.10 in Section
3.2.4) was sampled using a stainless core (3 cm diameter x 15 cm length) the day before first
fertilization to calculate the background mineral N content, and the day before and two days
after every fertilization and irrigation event (Table 3.5). Soil samples were brought to the
laboratory and extracted for mineral N analysis and WFPS determination immediately after

sampling.

3.4.1. Mineral N

In Experiments 1 — 3, mineral N (NH4"-N and NO3"-N) was extracted from fresh homogenized
soil samples using 1 M potassium chloride, KClI, (1:6.25, w:v) for 1 h at 180 rpm, centrifuged
for 10 min at 4000 rpm, and then filtered using 0.45 um cellulose syringe filters (Agilent). After
that, soil extracts were frozen at —20°C until being analyzed. The mineral N concentration in
soil extracts was determined using a flow injection analyzer provided with a UV-vis
spectrophotometer detector (FIAS 400, Perkin Elmer and SFA FUTURA, AMS Alliance for
NH4" and NOz™ analyses, respectively). Ammonium determination in the soil extracts was
performed by gaseous diffusion of NH4" previously transformed into NHs(g) in an alkaline
medium. The NHz(g) was defunded through a permeable membrane and reacted with an acid—
base indicator, being detected by the spectrophotometer at A = 590 nm (PerkinElmer, 2001).
The NOz™ in soil extracts was previously reduced to NO2~ with vanadium chloride (VClz), then
reacted with sulphanilamide and an aromatic amine and was transformed into a chromophore

aromatic species that is detected at A = 540 nm (Miranda et al., 2001).

In Experiment 4, fresh soil samples were homogenized removing the roots and extracted with
1 M KCl solution in a 1:2 soil:extractant ratio. Following extraction, the samples were filtered
using a vacuum pump and porcelain funnels with Whatman GF/A filters with a second filtration

step to 0.45 um using syringe filters and were stored at -20 °C until further analyses.
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Concentrations of NH4" and NO3™ in the extracts were determined using colorimetric methods
and measuring the absorbance of the samples using a microplate UV-vis spectrometer analyzer
(Epoch, BioTek Inc., USA). The reactions with the Griess reagent were used to analyze the
NOs -N concentration (Patton and Kryskalla, 2011) and the indophenol method was used to

analyze the NH4*-N concentration (Bolleter et al., 1961) in the extracts.

3.4.2. ’NH4* and 5NOs-

The microdiffusion technique described by Hart and Stark (1994) was carried out with some
modifications to analyze the *N enrichment in soil mineral N of Experiment 1. The
microdiffusion technique consists of the sequential diffusion of NHz coming from both NH4*
and NOz". Soil samples taken at field were immediately extracted at the laboratory for mineral
N as described in Section 3.4.1. Soil extracts were filtered using Filter-Lab 1250 cellulose filters
previously washed with 1 M KCI. Stainless steel wire pieces (60 mm length) covered with
plastic were placed on 100 ml specimen cup lids. Pieces of Whatman no. 3 cellulose filters (0.6
cm?) were attached to the wire. Filter pieces were humidified with 20 pl 1.5 M sulfuric acid
(H2S04). To separately liberate the NH4*—N and the NO> +NO3z N in the form of NHs, two
sequential diffusion were carried out. 40 mL aliquots of KCI soil extracts were placed in 100
ml plastic containers. Then, two glass beads (4 mm in diameter) previously acid-washed with
0.5-1.0 M hydrochloric acid (HCI) and gently rinsed with deionized water, were incorporated
into the specimen cups to promote further swirling process. For carrying out the first diffusion,
0.2 g magnesium oxide (MgO) was added, and the specimen cups were immediately closed.
MgO makes the solution basic causing NHz vapor to be released and subsequently captured on
the acidified filter piece. After 7 days of incubation at room temperature (under 25°C to avoid
water condensing on the cup taps) (Bremner, 1965) and gently swirling the solution two or three

times a day, the filter papers and the wires were removed and replaced with new ones. For
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carrying out the second diffusion, 0.4 g Devarda’s alloy and 0.2 g MgO were added to the soil
extracts and the containers were immediately closed. The extracts were incubated for 7 days
under the same conditions described above. The filter pieces from both diffusion steps were
dried overnight after every incubation by placing the taps with the wires and the filter pieces in
a desiccator over concentrated H>SO4. Dried filter papers were stored in 1.5 mL Eppendorf
tubes and sent to the Interdepartmental Investigation Service at Universidad Autonoma of
Madrid (SIdI-UAM) for total N and **N analysis through combustion of samples using an

elemental analyzer Thermo 1112 Flash HT hyphenated to an IRMS Thermo Delta VV Advantage.

To determine how much NH4"—N or NOs—N in the soil came from the fertilizer or from the

soil, the following equations (Eg. 16 and Eq. 17) were used:

+ + + ape 15Nfilter
NH,*-Nysay (or NHy"-Nyys5y) = Total NH, -N X | ———z~—— Eqg. 16
ape Nfert
NH,"-Ngoy = Total NH,*-N — (NH,*-Nysan) — (NHy " -Nygsy) Eq. 17

where ‘NHs*-Nisan” (or NHa*-Naisn) is the NH4*-N in the soil that was derived from AN or
ABN fertilizer (kg N hal), respectively. The ‘Total NH4*-N’ is the concentration of NH4*-N
total in soil obtained from the results of the first microdiffusion. The ‘ape ®Nsiier* Was obtained
by subtracting the background atom % °N (0.3663 atom % °N) from the atom % **N in the
filters of the first microdiffusion. Similar calculations were carried out to obtain ‘NO3™-N1san’,
‘NO3™-Naisn’, and ‘NO3™-Nsoii’ using the results obtained in the second microdiffusion. For these
calculations, ‘Total NO3s™-N’ is the concentration of NO3™-N in soil obtained by the results from

the second microdiffusion.

3.4.3. Dissolved organic C

The DOC was extracted from fresh homogenized topsoil samples (8 g soil: 50 mL Milli-Q

water) for 1 hour at 180 rpm and then centrifuged for 10 min at 4000 rpm and filtered (Filterlab

67



Sandra Garcia Gutiérrez

1300/800). After that, 40 mL of soil extracts were frozen at -20°C until being analyzed.

Quantification of DOC was performed by a total organic carbon analyzer (Analytik Jena multi

N/C 3100) equipped with an infrared detector.

3.4.4. Water-filled pore space

The WFPS in soil samples was calculated according to Equation 18:

H x Db
WFPS (%) = ——- % 100 Eq. 18

where ‘H’ is the gravimetric water content in dry basis, ‘Db’ is the soil bulk density, and ‘Dp’
is the soil particle density, assumed to be 2.65 g cm™. The gravimetric water content was
determined by oven-drying 5 g fresh soil samples for 24h at 105°C. The bulk density was
determined by taking soil samples at different depths using 100 cm? stainless steel cores and

oven-drying the samples for 24h at 105°C.

3.4.5. Total N and 15N

At the end of Experiments 1 and 3, soil was sampled at three depths using a stainless-steel
auger: 0-10, 10-20, and 20-40 cm in Experiment 1, and 0-20, 20-40, and 40-60 cm in
Experiment 3. At the laboratory, fresh soil samples were homogenized and then separated into
two subsamples. One subsample was stored at -20 °C for mineral N analysis according to the

protocol described in Section 3.4.1. The other subsample was air-dried, ground using a ball mill
(Retsch MM 400, Retsch GmbH, Haan, Germany), and the total N and **N contents were

analyzed by IRMS at SIdI-UAM.

At the end of Experiment 4, the mesocosms from set M1 (Figure 3.10) were dug, and the soil

columns were pulled out the PVC cylinders, separated into three layers using a saw (depths 0-5

cm, 5-15 cm, and 15-40 cm), and weighted to determine the bulk density of each layer. After
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taking representative samples of the belowground biomass (see Section 3.5.4), the soil from
each layer was homogenized by hand in a bucket for at least 10 minutes. After that, two
representative soil samples from each mesocosms layer were taken. One sample was oven-dried
at 105 °C for 24 h to determine the gravimetric soil water content needed to calculate the bulk
density. The other sample was oven-dried at 60 °C to constant weight to determine the total soil
N and the total soil N enrichment. Dry soil samples were homogenized, and representative
subsamples were ground to a fine powder using a ball mill (Retsch Schwingmiihle MM2, Haan,
Germany) and stored in a desiccator over silica gel until total N and °N contents were analyzed
by elemental analysis (Flash EA, Thermo Scientific, Waltham, MA, USA) coupled to IRMS
(Delta PlusXP, Thermo Scientific, Waltham, MA, USA) at the IMK-IFU stable isotopes

laboratory (Yankelzon et al., 2024).

3.5. Plant sampling, analysis and calculations

3.5.1. Experiment 1

Barley plants (shoot and root systems) were sampled using a 0.25 m? frame, which was placed
in the middle of each microplot. The shoot system was cut by sickle at the soil level and was
separated into spikes (that were threshed out to obtain the grain) and stems (aboveground
biomass). Roots were cleaned with a brush, rinsed thoroughly with tap water (5 min) to separate
soil from roots, and washed in an ultrasound-assisted bath for 15 min with tap water followed
by 5 min with deionized water (Garcia-Gomez et al., 2015). The aboveground biomass (straw
and grain) and roots were oven-dried to a constant weight at 75 °C, ground using a ball mill
(Retsch MM 400, Retsch GmbH, Haan, Germany), and stored at room temperature until total

N and °N content were analyzed by IRMS at the SIdI-UAM.
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3.5.2. Experiment 2

Before barley and vetch cover crops were chemically terminated, the aboveground biomass was
sampled and fresh-weighed in the field. The samples taken from each subplot consisted of a
representative mixture of three subsamples, collected using a 0.25 m? frame. In the laboratory,
dry biomass production was determined by oven-drying the samples at 70 °C until constant
weight. The dry samples were then ground (IKA® MF 10 Basic Microfine Grinder Drive) to
analyze the N and C contents, using an elemental analyzer (TruMac CN Leco®) and applying

the Dumas method (AOAC, 2005).

At physiological maturity, aboveground maize biomass was harvested by collecting fifteen
maize plants randomly in every subplot. The aboveground biomass was weighed at harvest. To
determine dry matter grain and stover (aboveground biomass without grain) yields, the stover
and grain moisture were determined after over-drying plant samples at 70 °C. Maize grain and
stover were ground (IKA® M 20 universal mill and IKA® MF 10 Basic Microfine Grinder
Drive, respectively), and the total N concentration was analyzed by Kjeldahl digestion. The
NUE was calculated as the apparent recovery efficiency of applied N, using the following

equation (Eq. 19) by Congreves et al. (2021):

Uy—U
nug = v —Uo) Eq. 19
Fy

where ‘Un’ represents the total N uptake in the aboveground biomass at maturity with
applications of N fertilizer; ‘Uq’ is the total N uptake in the aboveground biomass at maturity
without applications of N fertilizer; and ‘Fn’ is the amount of N fertilizer applied (170, 220,

and 210 kg N ha™%, for legume, cereal, and bare fallow plots, respectively).
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3.5.3. Experiment 3

Aboveground biomass samples of barley and vetch cover crops grown in the initial microplots
with N—enriched maize residues (**RES) were harvested using a 0.096 m? frame, leaving the
remaining biomass in the microplots for their chemical termination. Furthermore,
representative roots samples from the cover crops in the °RES microplots were collected. At
the laboratory, the rhizosphere soil was separated from the roots. The roots were then rinsed
with tap water for 5 min and washed in an ultrasound-assisted bath for 10 min using deionized
water (Garcia-Gomez et al., 2015). All plant material was oven-dried at 70 °C for 48 h and
ground using a ball mill (Retsch MM 400, Retsch GmbH, Haan, Germany). The aboveground
biomass yield was calculated based on the 0.096 m? frame area used for harvesting, while the
root biomass yield was estimated according to Hu et al. (2018). The total C content in the
aboveground biomass of the cover crops was determined by the Dumas method using an

elemental analyzer (TruMac CN Leco®, USA).

Maize was harvested at physiological maturity. The aboveground biomass of the six plants in
every microplots was fresh weighted in the field. To estimate the crop yield on a dry basis, the
stover and grain moisture content was determined by oven-drying subsamples at 70 °C until
constant weight. The aboveground biomass (stover and grain) of the four central plants and the
root and rhizosphere soil of one of the central plants of every microplot were used for analyzing
the total N and '°N content. After separating the rhizosphere soil from the roots, the roots were
cleaned following the same procedure described above for the cover crop roots and then were

oven-dried at 70 °C for 48 h.

The total N and °N content in the cover crops (aboveground and belowground biomass) and in

maize (roots, grain and stover) samples were analyzed by IRMS at the SIdI-UAM.
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3.5.4. Experiment 4

One month after the first fertilization, both aboveground and belowground biomass (AGB and
BGB, respectively) of the six mesocosms receiving ©°N fertilizer (set M1) were sampled. The
AGB was harvested by cutting the grass directly above the soil with scissors. After digging out
the mesocosms, representative BGB samples from the first two layers were taken using 95 cm?®
stainless steel soil sampling cores. The roots in these cores were separated from the soil by
rinsing the samples with tap water using a 0.5 mm mesh sieve. The ABG and BGB were oven-
dried at 60 °C to constant weight immediately after sample preparation and weighted for
determining the biomass yield. Plant samples were homogenized, and representative
subsamples were ground into a fine powder using a ball mill (Retsch Schwingmuhle MM2,
Haan, Germany), then stored in a desiccator over silica gel until total N and *N contents were
analyzed by elemental analysis coupled to IRMS at the IMK-IFU stable isotopes laboratory

(Yankelzon et al., 2024).

3.6. Mineral N leaching

In Experiment 4, mineral N (NH4* + NO3") leaching was determined from accumulation of
NH4* and NOs™ on resin bags (Dannenmann et al., 2018). For this purpose, 30 cm diameter
polyester bags containing 300 g anion exchange resin (AmberChrom™ 1X8 50-100 Mesh [CI -
ion exchanger resin], Sigma Aldrich) and 300 g cation exchange resin (Amberlite™ |IRC120
[Na*-ion exchanger resin], Thermo Scientific Chemicals) were placed at the bottom of three
mesocosms of set M1 (Figure 3.10 in Section 3.2.4) before applying the *N—enriched fertilizer
solution. These bags were harvested at the end of the experiment to analyze the N leaching from
the ®N—enriched fertilizer. The resin bags were rinsed in the laboratory with distilled water to
remove the soil particles adsorbed to the fabric bags and then the resin beads were extracted

with 500 mL 1M NaCl by shaking for 30 min at 160 rpm. The resin extracts were filtered and
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analyzed for mineral N in following the same steps described in Section 3.4.1 of this chapter.
The NH4" and NOs" of the resin extracts were sequentially trapped on acidified filter papers
following the diffusion technique used in Experiment 1 (Section 3.4.2) with the specifications
described by Dannenmann et al. (2016) and Schreiber et al. (2023). Briefly, the resin extracts
were placed in 250 mL Duran glass bottles. In each step of the diffusion, two pieces of pin-
holed Whatman ash less paper filter were acidified with 10 pL of 1 M oxalic acid each (instead
of 1.5 M H2S04) and placed on a hook of a custom-made cap. In each step of the diffusion, the
samples were shaken on a rotary shaker for 24 h at 30 °C. For increasing the pH of the solution,
N-free NaOH pellets were used instead of MgO. After harvesting the filters, they were placed
into micro titer plates and dried by storing the plates in desiccators over silica gel. After drying,
the filters were transferred into tin capsules. Total N and total *N in the filters were analyzed
via elemental analysis (Flash EA, Thermo Scientific, Waltham, MA, USA) coupled to IRMS
(Delta PlusXP, Thermo Scientific, Waltham, MA, USA) in the stable isotopes laboratory at the

IMK-IFU to calculate the mineral N leaching from the fertilizer.

3.7. N recovery

3.7.1. Experiments 1 and 3

The equations used for calculating the N recovery in the soil at the end of Experiment 1 and

Experiment 3 are shown in Table 3.8.

The recovery of N from the fertilizer in soil at the end of the experiment (soil_NRfert) was
calculated according to Equation 25. For that, the soil N concentration derived from both the
1SAN fertilizer (soil_Nisan) and the AN fertilizer (soil_Naisn) in the different soil layers, as
well as the total soil N concentration derived from the fertilizer NH4NO3 (soil_Nrtert), were

calculated according to Equations 20 — 24. Furthermore, the soil N recovery from the AN
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fertilizer (soil_NRisan) and from the AN fertilizer (soil_NRaisn) were calculated using
Equations 26 and 27, respectively. The amount of N in the different soil layers (soil_TN, kg N
ha™') was calculated by multiplying the N content (%) of each soil layer by its bulk density

measured at the end of the experiments (Table 3.7) and by the soil thickness of each layer.

Table 3.7. Bulk density of soil samples at different depths at the end of Experiment 1 and Experiment 3.

Experiment 1 Experiment 3
Soil layer (cm)  Bulk density (g cm™3) Soil layer (cm)  Bulk density (g cm™)
0-10 1.15+0.02 0-20 1.46 +0.07
10-20 1.30 £ 0.09 20-40 1.52 +0.03
20-40 1.43+£0.01 40-60 1.55+0.01

Data are expressed as the mean (n = 3) + S.E.
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Table 3.8. Equations for calculating parameters related to *>N analysis in soil

Parameter Units Equation Equation | References
number
Soil_TNisan kg N ha't S0il_TN;i5ay = soil(1st layer)_TNysan + soil(2nd layer)_TNysan Eqg. 20 Taveira et al.
+ s0il(3rd layer)_TNisan (2020)
Soil (1% layer)_TNusan | kg N ha' soil layer_ape®N;guy Eq. 21

soil layer_TNisay = X soil layer_N amount

Soil (2 layer) TNasan ape’*AN
Soil (3" layer)_TNisan

Soil_TNasn kg N hat S0il_TNyq15y = soil(1st layer)_ TNy sy + soil(2nd layer)_TNyisy Eq. 22
+ soil(3rd layer)_TNyisn
Soil (1% layer) TN kg N ha* soil layer_ape®N, Eq. 23
( yer)_Thusn - kg soil layer _TNyisy = yer- 2195 AN soil layer_N amount a
Soil (2" layer) TNasn ape AN
Soil (3" layer)_TNaisn
Soil_TNrert kg N hat 50il_TNyery = 50il_TNysay + S0il_TNyqsy Eq. 24
Soil_NR % soil TN Eq. 25
- ° S0Ul_NRpery = ——TC % 100 f
total Nyepy
Soil_NRisan % , s0il_TNisan Eq. 26
- Soil_NR =——]—x100
15AN NH-Z_Nfert
il_ NR % soil_TN, Eq. 27
SOIl_NRassw ° 50il_NRyysy = =225V » 100 f
NO 3_Nfert

75



Sandra Garcia Gutiérrez

‘Soil_Nispn’ and “Soil_Naisn’ are the N content (kg N ha™?) in soil derived from the ®"NH4,NOs (**AN) fertilizer and from the NH,**NO3 (A®N) fertilizer.
‘Soil Nrr’ is the total N content (kg N ha™?) in soil derived from the fertilizer.

“Soil (1% layer) Nisan’, “Soil (2" layer) Nisan’ and Soil (3™ layer) Nisan’ are the N contents (kg N ha™) in the different soil layers derived from the >AN
fertilizer.

“Soil (1% layer) Nasn’, ‘Soil (2™ layer) Naisn® and “Soil (3 layer)_Nasn’ are the N contents (kg N ha ™) in the different soil layers derived from the AN
fertilizer.

“Soil layer TN amount’ is the total N amount (kg N ha™) in the different soil layers.

*Soil_NRfert’, “Soil_NRi1san’ and Soil_NRaisn’ are the recoveries of N (%) derived from the NH4NOs fertilizer, from the NH4s*—N in the fertilizer, and from
the NOs—N in the fertilizer.

‘Total Nrr’ is the fertilizer N rate (kg N ha™*). The N rate was 80 kg N hatand 210 kg N ha™* in Experiments 1 and 3, respectively.

‘NH4"—Nrert’ and ‘NOs—Nrert’ are the kg N ha* applied as NH4* and NOs™ (40 kg N hatand 105 kg N ha in Experiment 1 and Experiment 3, respectively).
Depth of the different soil layers in Experiment 1: 1%t layer, 0 — 10 cm; 2" layer, 10 — 20 cm; 3" layer, 20 — 40 cm.

Depth of the different soil layers in Experiment 3: 1 layer, 0 — 20 cm; 2" layer, 20 — 40 cm; 3" layer, 40 — 60 cm.

The atom % of the AN and AN fertilizers used in Experiment 1 and Experiment 3 were 10% and 20%, respectively.

The atom % of the air background used for calculating the ape **AN and ape A™N was 0.3667%.
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The equations used for calculating the N recovery in the plants in Experiment 1 and

Experiment 3 are shown in Table 3.9.

The recovery of N from the fertilizer (plant_NRrert) was calculated according to Equation 35.
For that, the N uptake derived from both the AN fertilizer (plant_Nisan) and the AN fertilizer
(plant_Naisn) in the different plant tissues, and the total N uptake derived from the fertilizer
NHsNOs (plant_Nrrt), were calculated (Eq. 30 — Eq. 34). Furthermore, the plant N recovery
from the AN fertilizer (plant_NRisan) and from the AN fertilizer (plant_NRaisn) were

calculated using Equations 36 — 37.

The recovery of N from the ®N—enriched maize residue (plant_NRisres) was calculated
according to Equation 40. For that, the N uptake derived from the ®RES (plant_Nisres) (EQ.
38) was calculated considering the N uptake derived from the °RES in the different plant

tissues (plant tissue_Nisres) (Eq. 39)

The total N uptake in the different plant tissues (TN uptake, kg N ha™!) was calculated as shown

in Equation 28:
TN uptake = (N content X Yield)/100 Eq. 28

Where ‘N content’ is the percentage of N in each plant tissue and ‘Yield’ is expressed as kg

plant tissue ha™t in dry weight.
The total N recovery from the fertilizer (total_NRrrt) was calculated according to Equation 29:

total_NRgere = plant_NRfers + SOU_NRfers Eqg. 29
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Table 3.9. Equations for calculating parameters related to **N analysis in plant.

Parameter Units Equation Equation References
number
-1 :
Plant_Nisan kg N ha plant Nysuy = Z plant tissues Nys Eq. 30 '(I'zaglze(;;a et al.
Plant tissue_Nisan | kg N ha' lant ti N plant tissue_ape®Nyg4y lant ti N untak Eq. 31
= X
plant tissue_N;say apel AN plant tissue_TN uptake
-1
Plant_Nasy kg N ha plant_Nj sy = Z plant tissues_Njisy Eq. 32
Plant tissue_N kg N ha* lant tissue_ape'®N Eq. 33
— A J plant tissue_Nyisy = P ape ;115 N AN o plant tissue_TN uptake a
Plant_Nrert kg N ha't plant_Ngere = plant_Nysay + plant_Nyqsy Eq. 34
Plant_NR % lant_N Eq. 35
- ’ plant_NRgers = % X 100 a
fert
Plant NRisan % plant—N15AN Eq 36
- NR =—)X1
plant_NRis54n NH Nyt 00
Plant_NR % lant_N, Eq. 37
ant_NRessn ’ plant_NRy sy = —II)VO‘ 1\?151\, x 100 a.3
37 Nfert
-1
Plant_Nisres kg N ha plant_Nispgs = Z plant tissues_N;spgs Eq. 38
Plant tissue_N kg N ha* lant tissue_ape'®N Eq. 39
_Nsees | K9 lant tissue_Nyspgs = P il 15RES » plant tissue_TN uptake a
Pl NR % lant_N. Eq. 4
ant_NRges 6 plant_NRpgs = P =15RES 1 40
total Npgs
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Plant tissues in Experiment 1: barley straw, grain and roots.
Plant tissues in Experiment 3: maize stover, grain and roots.

‘Plant _Nispn’, ‘Plant Npisn’ and ‘Plant_Nisges’ are the N uptake (kg N ha™) in plant derived from the ®NH4sNO; (**AN) fertilizer, from the NH4®NOs;
(A®N) fertilizer and from the ®N-enriched maize residue (**RES).

‘Plant Nrr’ is the total N uptake (kg N ha™) in plants derived from the fertilizer.

‘Plant tissue_Nisan’ is the N uptake (kg N ha™?) in the different plant tissues (i.e., barley straw, grain and root in Experiment 1 and maize stover, grain and
root in Experiment 3) derived from the AN fertilizer.

‘Plant tissue_Naisn’ is the N uptake (kg N ha™?) in the different plant tissues (i.e., barley straw, grain and root in Experiment 1 and maize stover, grain and
root in Experiment 3) derived from the A®N fertilizer.

‘Plant tissue_Nisres’ is the N uptake (kg N ha™) in maize stover, grain and root derived from the ®RES in Experiment 3.

‘Plant tissue_TN uptake’ is the total N uptake (kg N ha™?) in the different plant tissues (i.e., barley straw, grain and root in Experiment 1 and maize stover,
grain and root in Experiment 3).

‘Plant_NRrer’, ‘Plant_NRisan’, ‘Plant_ NRaisn® and ‘Plant. NRisres’ are the recoveries of N (%) derived from the NH4NO; fertilizer, from the NH4*—N in
the fertilizer, from the NOs™-N in the fertilizer and from the N in the *N—enriched maize residue.

‘Total Nrrt’ is the fertilizer N rate (kg N ha™). The N fertilization rate was 80 kg N ha*and 210 kg N ha™* in Experiment 1 and Experiment 3,
respectively.

‘Total Nres’ is the N rate applied via maize residue incorporation in Experiment 3 (100 kg N ha™).

‘NH4"—Nrert’ and ‘NOs—Nrert’ are the kg N ha* applied as NH4s* and NOs™ (40 kg N hatand 105 kg N ha in Experiment 1 and Experiment 3, respectively).
The atom % of the 1>AN and AN fertilizers used in Experiment 1 and Experiment 3 were 10% and 20%, respectively.

The atom % of the ®RES used in Experiment 3 was 7.03%.

The atom % of the air background used for calculating the ape AN, ape AN and ape *RES was 0.3667%.
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3.7.2. Experiment 4

The total N recovery from the fertilizer was calculated by adding the N recovery from all the
investigated pools (N2 emissions, NRn2; N2O emissions, NRnzo; AGB, NRags; BGB, NRgcs;
s0il, NRsoit; and NH4" and NOs" leaching, NRnha+ and NRwos-, respectively). The N recovery in

the different pools (NRpoo1) Was calculated according to Taveira et al. (2020) (Eq. 41 — 43).

TN,¢rin the pool
NRpoo1(%) = —2L - P %100 Eq. 41
fert

Ngsrin the pool
100

TNyyrin the pool = Nggpin the pool X TN in the pool Eq. 42

15 Natom% excess in the pool

Ngsrin the pool = Eq. 43

15 N atom% excess in the fertilizer

Where “Nrert” is the total N-NOjs rate (80 kg N ha') applied in the two fertilizer applications;
the “TN in the pool” and ‘TNgt in the pool’ are the total N content and the total N content derived
from the fertilizer, respectively, in the different pools (total soil N, TNsi; total N uptake by
AGB, TNagcs; total N uptake by BGB, TNggs; total N leached, TNieach; and cumulative N2O and
N emissions) at the end of the experiment expressed as kg N ha™*; and the ‘>N atom% excess’
is calculated by subtracting the N atom 0.3667% background to the N atom% analyzed in
the different pools. The amount of N in the different soil layers was calculated by multiplying
the N content (%) of each soil layer by its bulk density (Table 3.10) and by the soil thickness

of each layer.

Table 3.10. Bulk density of soil samples at different depths at the end of Experiment 4.

Soil layer (cm) Bulk density (g cm™)
0-5 0.43x£0.03
5-15 0.73£0.02
15-40 1.31+0.03

Data are expressed as the mean (n = 6) + S.E.
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3.8. Gross N transformation rates

The gross N mineralization rate (i.e., an indicator of the amount of organic-N that is mineralized
to NHs" by ammonifiers) in Experiment 1 was estimated from the rate of dilution of °N
enrichment in the NH4* pool and from the change in the total NH4* pool size, following the
equations of Kirkham and Bartholomew (1954). Calculation of the gross N mineralization rate

Is shown in Equation 44.

Hy x M
 My—M Xlog(Hx—MO)

m=—— Eq. 44

M
log(37

where ‘m’ is the mineralization rate (mg N kg* d%); ‘Ho’ is the ®®NH4* concentration in soil at
t = 0; ‘Mo’ is the total NH4* concentration in soil at time t = 0; ‘H’ is the *®NH4* concentration
in soil at time t = t; ‘M’ is the total NH4* concentration in soil at time t = t; and ‘t’ is the time

between measurements for Ho, Mo and H, M.

The gross N nitrification rate was calculated from the equations of Ruppel et al. (2006) and is

shown in the Equation 45.

_ a'NO3, — a’N03, NO3, Eq. 45

n X
At a’NH4‘0 - a’N03t

where ‘n’is the gross N nitrification rate (mg N kg™t d1); “NO3 ¢’ is the total NO3~ concentration
in soil at time t =0 (mg N kg); ‘a’NO3¢" and ‘a’NO3o’ are the atom % °N excess in the NO3~

pool at time t = t and time t = 0, respectively; and ‘a’NH4o’ is the atom % *°N excess in the

NH4* pool at time t = 0.
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3.9. Statistical analysis

Data analysis of the experiments was performed using Statgraphics® Centurion 19 and R

Studio 4.3.2 software.

In Experiments 1 — 3, data distribution normality and variance uniformity were verified in the
studied variables by the Shapiro—Wilk test and Levene’s test, respectively. Inverse or log
transformations were applied when necessary before analysis. Analyses of variance (two-way
ANOVAs) were conducted using generalized linear models (GLM) to assess significant
differences in the studied variables, except for the meteorological ones (Table 3.11). The
analyses were done as follows: i) for tillage and fertilization factors (and their interaction) in
Experiment 1, ii) for crop residue management and cover crop factors (and their interaction)
in Experiment 2, and iii) for cover crop factors in Experiment 3. The least significant

difference (LSD) test at P < 0.05 was used for multiple comparisons between means.

In Experiment 1, to analyze the differences between N derived from AN and N derived from
AN, an additional factor (**N labelling: ®AN or A®N) was included in the GLM for the

ANOVA, in addition to tillage and fertilization factors (i.e., split-split-plot).

In Experiment 2, the Pearson’s correlation was used to study the relationship between 1) daily
GHG fluxes and soil properties (NH4*, NOs", DOC concentrations, WFPS and temperature), ii)
cumulative GHG emissions, average NH4*, NOs", and DOC concentrations during the three
experimental periods, and iii) total cumulative GHG emissions, YSNE, maize N content, NUE,

and N20 EF.

In Experiment 3, the Pearson’s correlation test was performed to study the relationship
between daily N0, *°N,0, and CO, emissions, soil mineral N and DOC concentrations, WFPS,
and soil and air temperature in the two different periods of the experiment and also considering

the whole experimental period.
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In Experiment 4, the Pearson’s correlation test was performed to study the relationship

between daily N20O, Nz, N20-Ntert, N2-Nfet, N20g, N20n, CO2, and CHs emissions,

N204d/(N20¢+Nz), soil mineral N, WFPS, and soil and air temperature.

Table 3.11. Variables studied in the different experiments.

Experiment 1

N2O and *N,O emissions

Soil NH4*, NOs™, 15NH4*, SN O3~ concentrations and WFPS
Gross mineralization and nitrification rates

Total N and °N contents and N recovery in barley and soil

Soil and air temperatures

Experiment 2

N,O, CH4 and CO; emissions, yield-scaled N>O emissions and N,O emission factor
Soil NH4*, NOs~, DOC concentrations and WFPS

Total C and N in cover crop aboveground biomass

Total N content, N uptake and maize yield in maize grain and stover

Nitrogen use efficiency

Soil and air temperatures

Experiment 3

N,O, N,O and CO, emissions

Soil NH4*, NOs~, DOC concentrations and WFPS

Total C, N and °N content and N uptake in cover crops biomass

Total N and *°N contents, N uptake and yield in maize stover, grain and root
Total N and **N contents in soil

N recovery in maize and soil

Soil and air temperatures

Experiment 4

N,O, CH4 and CO; emissions

Soil NH," and NOs™ concentrations and WFPS

N,O emissions derived from nitrification and from denitrification
N2 emissions

Total N and *N contents in aboveground and belowground grass biomass and in
soil

N recovery in plant, soil, leaching and gases

Soil and air temperatures
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CHAPTER 4: RESULTS AND DISCUSSION — Experiment 1

4.1. Experiment 1 - Combined effect of different tillage
systems and the use of DMPSA on N fate and N20 emissions:

a 15N tracing study with barley under rainfed conditions

This section reports the results of this experiment, previously published in the journal

Geoderma (ISSN 0016-7061; JIF (2023) = 5.3). DOI: 10.1016/j.geoderma.2023.116424

4.1.1. Environmental conditions

From top-dressing fertilization (14 March) to harvest (13 June), the accumulated rainfall was
96 mm (136 mm including irrigation events). This accumulated rainfall was lower than the 15-
year average in the area (118 mm). A remarkable rainfall event (35.6 mm) took place during
the postharvest period (26 August) after several weeks of drought and high air and soil
temperatures (Figure 4.1a). Throughout the experimental period (from March to November),
the minimum and maximum soil temperatures (10 cm depth) were 10.9 °C and 25.8 °C,

respectively, with a mean temperature of 19.3 °C (Figure 4.1a).

The WFPS (Figure 4.1b) ranged from 10.2% to 62.6% during the preharvest period, with values
below 30% in the upper soil layer most of this time. It was only above 45% at the end of April
and in mid-May as a consequence of rainfall or irrigation events. During summer, the soil
remained dry (WFPS < 20%); however, after the rainfall event on 26 August, the WFPS
increased from 10.2% to 44.7%. No significant differences in WFPS were found between the

tillage systems.
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Figure 4.1. A) Daily mean air and soil (10 cm depth) temperature and daily rainfall during the
experimental period (14 March to 9 November 2019). Two irrigation events (black bars, 20 mm each)
were performed on 26 March and 13 May. B) Evolution of soil WFPS (0-10 cm) in the different tillage

(conventional tillage, T, no tillage, NT) plots. The black arrows denote irrigation events (26 March
and 13 May). Vertical bars indicate standard errors of the means.
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4.1.2. Mineral N, 5’N-NH4* and N-NOs- in soil

The soil NH4* concentration was < 10 mg NH4*-N kg the day before top-dressing fertilizer
application (13 March) in all plots, without significant differences between tillage management
or fertilization treatments (Figure 4.2a). Until harvest, the mean NH4" concentrations in the soil

were in the following order: AN+DMPSA > AN > NO, with no effect of tillage (Table 4.1).

The results of NH4™-N obtained from the microdiffusions in soil extracts from 14 March to 4
April are included in Figure 4.3, showing that 75.4% (on average) of NH4"-N was derived from
top-dressing N fertilization (Table 4.2). Significant differences in fertilization treatments were
observed only for NH4"-N1san, which was higher in AN+DMPSA (by 75.1% on average) with

respect to AN.

Table 4.1. Mean soil mineral N (NHs"-N and NO3; -N) concentrations in the preharvest period.

NH4* (mg N kg soil™) NO3 (mg N kg soil?)

Tillage
T 8.16 489 b
NT 5.90 244 a
S.E. 0.76 2.2
P value 0.171 0.016
Fertilizer
NO 2.73a 19.8a
AN 771D 41.8hb
AN+DMPSA 10.65¢ 48.4 b
S.E. 0.95 2.4
P value 0.000 0.000
Tillage x Fertilizer
P value 0.711 0.179

Different letters within columns indicate significant differences within each effect
according to the LSD test at P < 0.05. S.E.: Standard error of the mean.

The soil NOs concentration ranged from 10.3 + 3.9 t0 52.3 + 5.8 mg NOs™-N kg™ the day before
top-dressing fertilizer application (13 March), with a significantly higher concentration in the

T plots than in the NT plots (Figure 4.2b). The mean NO3 concentration in the T plots was
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double that of the NT plots in the preharvest period (Table 4.1). However, DMPSA did not
affect the NO3z™ concentration with respect to AN-only, and both fertilized treatments led to
higher values compared with NO. At the end of the experiment, the NO3™ concentration

increased with depth, and the highest values were reported in the T_AN treatment (Table 4.3).

T NO T AN —e—T AN+DMPSA
(3) NT NO —e—NT AN —e—NT_AN+DMPSA

.- —— ?
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Figure 4.2. Evolution of NH4s*-N (A) and NOs™-N (B) topsoil (0-10 cm) concentrations for the different
soil tillage (conventional tillage, T, no tillage, NT) and fertilizer (unfertilized N control, NO, NH4sNOs,
AN, NH4NOs with DMPSA, AN+DMPSA) treatments over the whole experimental period: from 13
March (i.e., one day before top dressing fertilization) until 9 November 2019. The black arrows denote
irrigation events. The red arrow denotes the day of harvest. Vertical lines indicate standard errors of
the means (n = 3).
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Figure 4.3. Evolution of NH4*-N concentration derived from soil (NHs*—Nsi), from *NH;NO3
(NHs"—Nisan) and from NH4*NO3z (NH,*—Naisn) during 21 days following top dressing fertilization
(14 March) in the different soil tillage (conventional tillage, T, no tillage, NT) and fertilizer (NH4NOs,
AN, NH;NOs; with DMPSA, AN+DMPSA) treatments. T_AN (A), T_AN+DMPSA (B), NT_AN (C) and
NT_AN+DMPSA (D).
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Figure 4.4. Evolution of NO3 —N concentration derived from soil (NOs —Nsoi), from *NH;NO;
(NOs —Nisan) and from NH,*NO3z (NOs —Naisn) during 21 days following top dressing fertilization
(14 March) in the different soil tillage (conventional tillage, T, no tillage, NT) and fertilizer (NH4NOs,
AN, NHsNO; with DMPSA, AN+DMPSA) treatments. T_AN (A), T_AN+DMPSA (B), NT_AN (C) and
NT_AN+DMPSA (D).
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During the period from 14 March to 4 April, significant differences in soil management were
observed for NO3z™-Nsoil (Figure 4.4), which was on average 2.5 times higher in T than in NT
(Table 4.2). This was not observed for NOs-Nrert (neither for AN nor for A®N). On average,
N fertilization (*>*AN + A®N) contributed to 35.5% and 52.9% of the NOs™ concentrations in
the soil in T and NT, respectively. The NOs-N1san concentrations were lower than those of

NOs-Naisn (Figure 4.4, Table 4.2).

The mean gross mineralization rate during the sampling period was 1.6 mg N kg* d* and no
differences between treatments were observed (Table 4.4). In general, the largest values of gross
mineralization rates were obtained during the first 24 hours, ranging from 1.1 mg N kg* d*
(T_AN+DMPSA) to 5.2 mg N kg d* (NT_AN+DMPSA) (data not shown). The mean gross
nitrification rate was 0.7 mg N kg* d%, and values were numerically higher in NT and in AN

than in T and AN+DMPSA, respectively (Table 4.4).
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Table 4.2. Mean values obtained from microdiffusions (from 14 March to 4 April) of mineral N derived from ®NH4NO3z (NHs"*—Nzsan and NO3 —Nisan),
derived from NH,°*NO3 (NH;*—NA15N and NOs —Naisn), and from the soil (NH4*—Nsoit and NO3 —Nsoit) (mg N kg ) in the different soil tillage (conventional
tillage, T, no tillage, NT) and fertilizer (NHsNOs, AN, NH:sNO3z with DMPSA, AN+DMPSA) treatments. Data in parentheses indicate the % with respect to

total NHs*—N or NO3s —N.

NH4"-Nisan NH4"-Nasn NH4"-Nsoil NO3™-Nisan NOz-Na1sn NO3™-Nsoil
Tillage
T 188(79.0) 0.002 (0.0) 4.97 (20.9) 252 (3.3) 247 (32.2) 49.6 (64.5) b
NT 113 (69.9) 0.013 (0.1) 4.85 (30.1) 2,99 (7.2) 19.0 (45.7) 196 (47.1) a
S.E. 2.2 0.003 0.11 0.09 1.8 3.9
P value 0.227 0.118 0.549 0.062 0.157 0.032
Fertilizer
AN 109 (71.9)a 0.003 (0.0) 4.28 (28.1) 2.64 (4.6) 23.1 (40.6) 31.1 (54.8)
AN+DMPSA 191 (77.5) b 0.012 (0.0) 5.54 (22.5) 2,86 (4.7) 20.6 (33.6) 38.0 (61.8)
S.E. 1.2 0.003 0.81 0.27 3.3 3.3
P value 0.033 0.089 0.332 0.597 0.627 0.238
Tillage x Fertilizer
P value 0.212 0.251 0.200 0.349 0.433 0.479

Different letters within columns indicate significant differences within each effect according to the LSD test at P < 0.05. S.E.: Standard error of the mean.
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Table 4.3. Soil mineral N concentration at the end of the experiment (11 November 2019) in the different soil tillage (conventional tillage, T, no tillage, NT)
and fertilizer (NHsNO3s, AN, NHsNOz with DMPSA, AN+DMPSA) treatments at three sampling depths (0-10 cm, 10-20 cm, 2040 cm).

NH;" (mg N kg?) NOs (mg N kg?)
Treatment
0-10cm 10-20cm 20-40cm S.E. Depth 0-10cm 10-20cm 20 — 40 cm S.E. Depth

T_AN 1.26 AB ab 1.09A 1.66 B 0.16 15.7 A 382Bb 416B 4.0

T _AN+DMPSA 1.17Aa 097 A 1.77B 0.12 122 A 29.9 B ab 38.0B 5.4
NT_AN 1.22 Aab 1.10A 1.65B 0.13 10.4 A 145Aa 32.8B 3.2
NT_AN+DMPSA 1.34ABDb 0.95A 1.73B 0.14 18.4 A 21.9Aab 375B 4.2
S.E. Treatment 0.05 0.23 0.12 3.6 54 3.3

Different capital letters denote differences (P < 0.05) between soil depths within each treatment. Different lowercase letters denote differences (P <
0.05) between treatments at the same soil depth. S.E.: Standard error of the mean.
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Table 4.4. Gross mineralization and nitrification rates (mean from 14 March to 4 April) in the different
soil tillage (conventional tillage, T, no tillage, NT) and fertilizer (NH4NOs, AN, NHsNO3; with DMPSA,
AN+DMPSA) treatments.

Gross mineralization rate Gross nitrification rate
(mg N kgt d?) (mg N kgt d?)
Tillage

T 1.56 0.62
NT 1.64 0.87
S.E. 0.18 0.21
P value 0.792 0.701

Fertilizer
AN 1.67 0.89
AN+DMPSA 1.53 0.60
S.E. 0.41 0.23
P value 0.825 0.767

Tillage x Fertilizer

P value 0.116 0.316

S.E: Standard error of the mean.

4.1.3. N2O and 5N>0O emissions

4.1.3.1. Emissions after top dressing fertilization (preharvest period)

The main N2O emission peaks occurred immediately after the second irrigation event (i.e., 61
days after N application), reaching 0.49 mg N m2d™in NT_AN (Figure 4.5a). Cumulative N,O
fluxes before harvest were in the following order: AN > AN+DMPSA > NO (Figure 4.6), with
the emissions from AN+DMPSA being 60% lower than those from AN. Most of the N.O
emitted (85%, on average) during this period was derived from the endogenous N of the soil
(Figure 4.7), regardless of tillage or fertilizer treatments (Table 4.5). The use of DMPSA abated
N20-N1san (by 74%), N2O-Naisn (by 46%) and N2O-Nseii (by 60%) emissions compared with
AN, regardless of tillage management (P < 0.05). The relative contribution of exogenous NOz
was lower than that of exogenous NH4" or endogenous N, ranging from 4% in T_AN to 9% in

NT_AN+DMPSA (Table 4.5).
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4.1.3.2. Emissions during the postharvest period

Nitrous oxide emissions were negligible when daily effective rainfall was below 5 mm.
However, after the rainfall event at the end of August (Figure 4.1a), N2O fluxes peaked (Figure

4.5h).
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Figure 4.5. Daily NoO emissions in the preharvest period (A) and during the whole experimental
period (B) for the different soil tillage (conventional tillage, T, no tillage, NT) and fertilizer
(unfertilized N control, NO, NHsNO3, AN, NHsNOs with DMPSA, AN+DMPSA) treatments. The black
arrows denote irrigation events. The red arrow denotes the day of barley harvest. Vertical lines
indicate standard errors of the means.
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The N20 emissions during this summer peak were similar for all the tillage x fertilizer
combinations except for the NT_NO treatment, which had the lowest value (P < 0.05). The N.O
emitted during that pulse had a pivotal influence on total cumulative fluxes, leading to total
emissions from AN to be numerically, but not statistically, higher than those from AN+DMPSA
(Figure 4.6). In contrast to the preharvest period, N2O-N1san emissions after harvest and until
the end of the experiment were significantly lower than those derived from A®N (Table 4.5).
Same as during the crop period, most N.O emissions were derived from the soil (i.e., 95%, on

average).

Table 4.5. Preharvest and postharvest cumulative N,O—N emissions derived from *NH;NOs
(N20—Ngsan), NHz®NO; (N20—Naisy) and from the soil (N2O—Nsei) in the different soil tillage
(conventional tillage, T, no tillage, NT) and fertilizer (NH4sNOs3, AN, NHsNOs; with DMPSA,
AN+DMPSA) treatments.

N.O (mg N m?)
Preharvest Postharvest
N20-Nisan  N2O-Naisn  N2O-Nsoit | N2O-Nisan  N2O-Naisy  N2O-Nsoil
Tillage
T 0.70 0.37 7.13 0.30a 1.23 31.4
NT 1.08 0.49 7.55 0.74b 0.91 32.7
S.E. 0.22 0.09 0.41 0.07 0.39 2.2
P value 0.342 0.448 0.539 0.046 0.622 0.653
Fertilizer
AN 1.41b 056 b 105b 0.52 1.10 32.3
AN+DMPSA 0.37a 0.30a 422 a 0.53 1.03 31.8
S.E. 0.26 0.05 0.41 0.12 0.25 2.1
P value 0.018 0.016 0.000 0.974 0.841 0.640
Tillage x Fertilizer
T AN 0.87 0.57 9.84 0.32 1.31 32.8
T_AN+DMPSA 0.53 0.18 4.42 0.29 1.14 29.9
NT_AN 1.95 0.55 111 0.72 0.89 31.9
NT_AN+DMPSA 0.21 0.43 4,02 0.77 0.92 33.6
S.E. 0.37 0.06 0.58 0.17 0.35 3.0
P value 0.071 0.110 0.231 0.842 0.783 0.526

Different letters within columns indicate significant differences within each effect according to the
LSD test at P < 0.05. S.E.: Standard error of the mean.
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Figure 4.6. Cumulative N,O emissions at preharvest and total N.O emissions at the end of the
experiment (i.e., preharvest + postharvest) in the different soil tillage (conventional tillage, T, no
tillage, NT) and fertilizer (unfertilized N control, NO, NH4sNOs, AN, NHsNO3; with DMPSA,
AN+DMPSA) treatments. Vertical lines indicate standard errors of the means. Different capital letters
indicate differences (P < 0.05) between fertilizer treatments within each tillage treatment. Different
lowercase letters indicate significant differences (P < 0.05) between tillage treatments within each
fertilizer treatment.
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Figure 4.7. Daily N;O—N emissions derived from soil (N2O—Nsoir), from **NHsNO3z (N2O—Nisay) and
from NH4°NOs (NoO—Nassn) after top dressing fertilization (14 March) in the different soil tillage
(conventional tillage, T, no tillage, NT) and fertilizer (NH4NOs, AN, NHsNO3 with DMPSA,
AN+DMPSA) treatments. T_AN (A), T_AN+DMPSA (B), NT_AN (C) and NT_AN+DMPSA (D).
Vertical lines indicate standard errors of the means.
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4.1.4. Total N and >N in barley plants

The mean total N in grain, aboveground biomass and root biomass of barley plants was 2.3%,
1.1% and 1.4%, respectively, with no significant differences between any of the tillage-fertilizer
combinations (Table 4.6). Plant N uptake was increased in AN+DMPSA, with respect to AN,
in grain (by 9% on average), biomass (by 24% on average) and roots (by 11% on average),

although these increases were only significant for NT plots (Table 4.6).

Table 4.6. Total N uptake (kg N ha™) and total N (%) in grain, aboveground biomass and root biomass
in barley plants in the different soil tillage (conventional tillage, T, no tillage, NT) and fertilizer
(NH4NOs, AN, NH4sNO3 with DMPSA, AN+DMPSA) treatments.

Total N uptake (kg N ha?) % N
Grain Biomass Root Grain Biomass Root
Tillage
T 42.2 279a 2.00 2.34 1.13 1.45
NT 61.0 36.6b 2.67 2.32 1.07 1.32
S.E. 6.2 0.8 0.21 0.03 0.05 0.05
P value 0.164 0.020 0.155 0.627 0.464 0.202
Fertilizer
AN 49.3a 28.8a 2.22a 2.35 1.06 1.38
AN+DMPSA 539D 35.8Db 245b 2.30 1.15 1.40
S.E. 1.4 1.4 0.06 0.03 0.05 0.03
P value 0.041 0.007 0.015 0.338 0.211 0.606
Tillage x Fertilizer
T AN 431 Aa 27.3 Aa 2.03 Aa 2.37 1.10 1.46
T AN+DMPSA  41.3 Aa 28.5 Aa 1.97 Aa 2.31 1.17 1.45
NT AN 55.6 Ab 30.2 Aa 2.41 Aa 2.33 1.01 1.29
NT_AN+DMPSA  66.4 Bb 43.0 Bb 2.93 Bb 2.30 1.12 1.35
S.E. 2.0 2.0 0.09 0.05 0.07 0.04
P value 0.007 0.038 0.004 0.801 0.808 0.393

Different letters within columns indicate significant differences within each effect according to the
LSD test at P < 0.05. Different capital letters in the “Tillage X Fertilizer” interaction indicate
significant differences between fertilizers within each tillage system, while different lowercase letters
indicate significant differences between tillage systems within each fertilization treatment. S.E.:
Standard error of the mean.
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Table 4.7. Plant >N percentage (% *°N), plant N derived from fertilizer (Plant_Nrr), plant N derived from soil (Plant_Nsi) and plant N recovery in the
different soil tillage (conventional tillage, T, no tillage, NT) and fertilizer (NHsNO3, AN, NH4sNOs; with DMPSA, AN+DMPSA) treatments and in the different
N labelling treatments (*NH4NO3s, AN, NH;**NO3, A®N).

% N Plant_Nrert (kg N ha®) Plant_Nsoit (kg N ha®) N recovery (%)
Grain Biomass Root Grain Biomass Root Grain Biomass Root Plant
Tillage
T 149b 1.39 1.10 9.74 5.95a 0.31 325 22.0 1.69 20.0
NT 1.36a 1.32 1.11 12.3 753D 0.40 48.7 30.8 2.27 25.3
S.E. 0.02 0.05 0.03 1.34 0.08 0.03 4.9 1.8 0.18 1.7
Pvalue 0.046 0.393 0.9499 0.309 0.005 0.182 0.144 0.068 0.158 0.161
Fertilizer
AN 1.50 1.42 1.16 115 6.68 0.36 37.8a 23.8 1.86 23.2
AN+DMPSA 1.34 1.29 1.05 10.5 6.80 0.35 434D 29.0 211 22.1
S.E. 0.13 0.12 0.08 0.62 0.34 0.02 1.3 1.9 0.08 1.2
Pvalue 0.391 0.414 0.326 0.306 0.819 0.576 0.008 0.056 0.097 0.533
Tillage x Fertilizer
T AN 1.53 1.42 1.14 10.4 6.06 0.33 32.6 Aa 21.3 1.70 21.0
T_AN+DMPSA 1.45 1.36 1.07 9.05 5.84 0.29 32.3 Aa 22.7 1.69 19.0
NT_AN 1.75 1.42 1.18 12.6 7.30 0.40 43.0 Ab 26.3 2.01 25.4
NT_AN+DMPSA 1.24 1.21 1.03 12.0 7.76 0.40 54.4 Bb 35.2 2.52 25.2
S.E. 0.18 0.17 0.11 0.85 0.48 0.03 1.8 2.7 0.12 1.6
Pvalue 0.668 0.631 0.715 0.689 0.519 0.472 0.005 0.197 0.084 0.597
Label
SAN  1.09a 1.04 a 0.90a 3.89a 2.10a 0.12a
AN 176D 1.67b 1.31b 7.13b 4.64b 0.23b
S.E. 0.05 0.04 0.03 0.23 0.16 0.01
Pvalue  0.000 0.000 0.000 0.000 0.000 0.000

Different letters within columns indicate significant differences within each effect according to the LSD test at P < 0.05. Different capital letters in the
“Tillage x Fertilizer” interaction indicate significant differences between fertilizers within each tillage system, while different lowercase letters indicate
significant differences between tillage systems within each fertilization treatment. S.E.: Standard error of the mean.
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Regarding °N analyses, differences were observed in the % N in grain, with higher values
obtained in barley plants grown in T compared with those from NT plots and in plants fertilized
with A®N versus 1°AN (Table 4.4). The use of DMPSA affected plant_Nsoii, which was higher
in AN+DMPSA than in AN in grain (by 14.8%, P < 0.05) and by 21.1% and 13.5% in biomass
and roots, respectively (0.05 < P < 0.10). Generally, no differences in the plant Nt were
observed between tillage or fertilization treatments, except for the higher values in NT than in
T for biomass (21% increment, P < 0.05) (Table 4.7). Accordingly, NT plots had higher N
recovery in aboveground biomass (Table 4.8) and tended to have larger total recovery in plants
with respect to T. On average, 22% of the N applied at top dressing fertilization was recovered
in barley plants, with no significant effect of tillage or DMPSA addition. Values corresponding
to plant_Naisn were statistically higher than those from plant_Nisan for all components of

barley yield (Table 4.7).

Table 4.8. Plant N recovery in the different soil tillage (conventional tillage, T, no tillage, NT) and
fertilizer (NHsNOs, AN, NHsNO3; with DMPSA, AN+DMPSA) treatments.

Plant N recovery (%)

Grain Biomass Root
Tillage
T 12.2 7.44 a 0.38
NT 15.4 9.00b 0.50
S.E. 1.7 0.24 0.04
P value 0.313 0.043 0.181
Fertilizer
AN 14.4 7.94 0.45
AN+DMPSA 13.2 8.50 0.43
S.E. 0.7 0.51 0.02
P value 0.299 0.487 0.169
Tillage x Fertilizer
P value 0.648 0.316 0.470

Different letters within columns indicate significant differences within each effect according to the
LSD test at P < 0.05. S.E.: Standard error of the mean.
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4.1.5. Retention of 15N in soil

At the end of the experiment, soil_Nisan was mainly retained in the upper soil layer, showing
higher values with the use of DMPSA (9.7 kg N ha!) compared with AN (4.9 kg N ha't, Figure
4.8). Tillage management did not affect soil_Nisan or soil_Naaisn in the upper layer. However,
soil_Naisn at deeper soil layers (10-20 cm and 20—40 cm) was higher in the T plots than in the
NT plots, while no differences were observed between fertilization treatments (Figure 4.8).
Total soil N retention ranged from 28.6% (in NT_AN) to 49.5% of synthetic N applied (in
T_AN+DMPSA) without significant differences between treatments (Table 4.9). On average,

the non-accounted N reached 41%.
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Figure 4.8. Average soil N derived from *>AN (Soil_Nisan) and derived from A®N (Soil_Naisn) at 0-10
cm, 10-20 cm and 20-40 cm depths at the end of the experiment (7 November) in the different soil tillage
(conventional tillage, T, no tillage, NT) and fertilizer (NH4NOs;, AN, NH4NO3 with DMPSA,
AN+DMPSA) treatments. Horizontal lines indicate standard errors. Different capital letters indicate
differences (P < 0.05) between fertilizers within each soil management system, while different lowercase
letters indicate significant differences (P < 0.05) between soil management within each fertilization
treatment.

102




CHAPTER 4: RESULTS AND DISCUSSION — Experiment 1

Table 4.9. Soil N derived from fertilizer (Soil_Nrr) and soil N retention at the end of the experiment in the different soil tillage (conventional tillage, T, no
tillage, NT) and fertilizer (NHsNOs, AN, NH4NOs with DMPSA, AN+DMPSA) treatments and in the different *N labelling (**NHsNO3s, AN, NH;**NO3, A®N).

Soil_Nrert (kg N hat) Soil N Retention (%)
Effect 0-10cm 10-20cm 20-40cm 0-10cm 10-20cm 20—-40cm Total
Tillage
T 11.6 7.81 149b 145 9.76 186 b 42.9
NT 10.4 4.83 942a 13.0 6.04 11.8a 30.8
S.E. 1.2 0.66 0.76 1.6 0.82 0.9 3.3
P value 0.545 0.085 0.037 0.545 0.085 0.037 0.120
Fertilizer
AN 8.57 a 5.78 11.6 10.7 a 7.23 145 32.4
AN+DMPSA 13.4b 6.86 12.7 16.8 b 8.57 15.9 41.3
S.E. 0.88 0.47 2.0 1.9 0.58 2.5 3.9
P value 0.018 0.178 0.708 0.018 0.179 0.708 0.184
Tillage x Fertilizer
P value 0.161 0.189 0.902 0.162 0.189 0.902 0.466
Label
AN 7.32b 2.23a 4.18a
AN 3.68a 4.09 b 7.97b
P value 0.001 0.001 0.001

Different letters within columns indicate significant differences within each effect according to the LSD test at P < 0.05. S.E.: Standard error of the mean
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4.1.6. Discussion

There is a remarkable inter-annual meteorological variability in semiarid Mediterranean
croplands. However, the frequency of cropping campaigns with low cumulative precipitation
Is increasing in these areas (Paniagua et al., 2019). The results of our study were obtained in a
dry cropping period (see Section 3.1). However, half of the campaigns during the last 15-years
reported even lower cumulative rainfall in the March-July period than in our experiment

(considering the irrigation events) (Table 4.10).

Table 4.10. Cumulative rainfall (mm) during the typical barley cropping period (November-July) and
the typical post-dressing fertilization period (March-July) during the last 15 years. Data highlighted in
yellow and red denote the values lower than the cumulative rainfall in the experimental campaign
(2018/2019), with and without considering the irrigation events, respectively.

November — July Rainfall (mm)  March - July Rainfall (mm)
2004/2005 97 2005 31
2005/2006 295 2006 124
2006/2007 412 2007 220
2007/2008 301 2008 208
2008/2009 219 2009 85
2009/2010 487 2010 195
2010/2011 388 2011 220
2011/2012 188 2012 96
2012/2013 311 2013 190
2013/2014 278 2014 103
2014/2015 276 2015 120
2015/2016 310 2016 217
2016/2017 280 2017 113
2017/2018 428 2018 294
2018/2019 195 2019 104
2018/2019 + 40 mm irrigation 235 2019 + 40 mm irrigation 144
Average 298 Average 155

These meteorological conditions affect the environmental impacts of N fertilization and N
dynamics that should be explored mechanistically. Field experiments shed light on N fate, N
cycling and the potential benefits of recommended agricultural practices. Under the conditions

of our study, we can conclude that i) dry seasons could decrease N2O losses after fertilization
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but lead to critical peaks after rewetting, thus limiting the effectiveness of mitigation strategies;
i) NIs modulate the nitrification process from both fertilizer-N and endogenous-N (which is
the main contributor to plant uptake), affecting soil residual N at the end of the cropping period;
and iii) the effect of no tillage on N2O fluxes and soil and plant recovery could be mainly related

to plant N acquisition.
4.1.6.1. Soil mineral N during the preharvest period

Crop residue management practices affected NO3z™-N concentrations in the soil (0—10 cm depth),
with higher values for the tilled plots than in the non-tilled plots (Table 4.1). Similar results
were reported previously under rainfed Mediterranean conditions (Corrochano-Monsalve et al.,
2020; Plaza-Bonilla et al., 2014). This could be related to the higher crop density and early crop
development observed in the non-tilled plots that could have enhanced crop N acquisition, thus
reducing the soil N pool. Improved crop development using conservation tillage management

under Mediterranean conditions has been previously reported by Morell et al. (2011b).

The effectiveness of DMPSA in inhibiting NH4" oxidation has been previously reported in
several studies under similar climatic conditions (Guardia et al., 2021; Volpi et al., 2017). Our
results confirm this with an increase of 39% in the average soil NH4*-N in AN+DMPSA
compared with AN during the preharvest period (Table 4.1). These results are in agreement
with the well-known effect of Nls at a global scale (Qiao et al., 2015) and are related to the
increase in the amount of NH4*-N derived from the fertilizer (Table 4.2). The reduced effect of
DMPSA on non-tilled plots (in comparison with conventional tillage) could be associated with
the potentially higher NH4" uptake in NT plots (see Section 4.1.4) or with the generally higher

N losses through volatilization in non-tilled than in tilled soils (Pinheiro et al., 2018).

The decrease in NH4*-N1san in fertilized plots coinciding with an increase in the NO3™-N1san

concentrations during the 3 following weeks after N fertilization (Figure 4.3 and Figure 4.4,
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respectively) could have been the result of nitrification (He et al., 2020; G. Zhu et al., 2019),
considering the low WFPS values (Pilegaard, 2013). The gross nitrification rates reported in
the present study (0.7 mg N kg* d* on average, Table 4.4) are of the same order of magnitude
as those obtained previously under field conditions, e.g., 0.3 mg N kg* d* in a neutral pH soil
in England (Geens et al., 1991) and 0.8 mg N kg™ d* in a calcareous soil in England (Unkovich
et al., 1998). As mentioned above, DMPSA effectively inhibited NH4* oxidation. Thus, higher
gross nitrification rates in AN compared with AN+DMPSA would be expected. We observed
high variability in the gross nitrification rates (0.89 + 0.33 and 0.60 + 0.10 mg N kg d* in AN
and AN+DMPSA respectively, Table 4.4), thus masking the effect of DMPSA at a statistical
level. However, despite this variability, we observed a decrease of 32% in the AN+DMPSA
treatment with respect AN. These results highlight the challenges when developing *°N tracing
studies under field conditions, such as ensuring the uniform distribution of the applied *°N-label
throughout the soil (Murphy et al., 2003), the presence of plants that are known to influence
gross N transformation rates (He et al., 2020; Inselsbacher et al., 2013) or adverse
meteorological conditions or unaccounted for N losses via NH3 volatilization (Pan et al., 2016),
which should be taken into account in future studies to better understand the N dynamics in

agricultural fields.

Our values of gross mineralization (1.6 mg N kg~ d™* on average, Table 4.4) were lower than
those reported by Geens et al. (1991) (2.4 kg N ha* d1), Unkovich et al. (1998) (3.6 mg N kg
d™1), Ruppel at al. (2006) (3.7 mg N kg td™) and Harty et al. (2017) (5.2 mg N kg d ™). Our
lower values could be explained by the low organic matter content of this soil (< 2%) and the

dry conditions during the two weeks following fertilization (Figure 4.1a, b).
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4.1.6.2. N2O emissions

4.1.6.2.1 Emissions after top dressing fertilization (preharvest period)

The scarce precipitation during the experiment (Figure 4.1a) was likely a key driver of the low
N20 emissions after N top dressing fertilization (Figure 4.5a, Table 4.5), with lower values than
those reported in other studies in rainfed crops under semiarid Mediterranean conditions, e.g.,
9 — 80 mg N m2in Guardia et al. (2021) or 20 — 124 mg N m in Montoya et al. (2021b), the
latter including the postharvest period. Dry conditions, low soil moisture and organic C content,
and calcareous soils are all factors that are expected to lead to low N2O fluxes (Aguilera et al.,
2013b; Cayuela et al., 2017). Moreover, dry conditions are expected to favor conservation over
conventional tillage with regards to crop development and plant recovery (Morell et al., 2011b),
thus changing soil N availability and N>.O emission dynamics (Huang et al., 2018) and,
therefore, modifying the relevance of the post-harvest N2O emission peaks after rewetting

(Barrat et al., 2021).

The low WFPS in the upper soil layer reported after top dressing fertilization (Figure 4.1b)
could have favored top-dressing fertilizer retention in this layer. Most N2O emissions were
derived from endogenous soil N (Table 4.5, Figure 4.7), which could be related to the
previously reported priming effect that occurs after synthetic N addition (Schleusner et al.,
2018; Thilakarathna and Hernandez-Ramirez, 2021). These endogenous N2O emissions could
also be derived from the N remaining from the fertilizer application at sowing. When focusing
on N0 emissions derived from dressing N fertilization, the N2O coming from NH4" was higher
than that from NOz™ (Table 4.5), suggesting that nitrification (per se or coupled with
denitrification) was a relevant process for N2O emissions during this period, as usually observed
in Mediterranean cropping systems (Aguilera et al., 2013b) and in agreement with our second

hypothesis.
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The effectiveness of DMPSA in reducing N2O emissions until harvest was demonstrated with
the 61% lower cumulative fluxes reported in the microplots that received DMPSA (Table 4.5).
In addition to the well-known effect of DMPSA inhibiting nitrification from fertilizer NH4*-N
(Guzman-Bustamante et al., 2022; Huérfano et al., 2016; Montoya et al., 2021b; Torralbo et al.,
2017), we observed that DMPSA also mitigated the N.O emissions derived from the
endogenous N in both tillage systems, thus supporting our first hypothesis. Our results suggest
that DMPSA can move within the soil profile, as seen for DMPP (another DMP-based NI) from
another study (Marsden et al., 2016), and inhibit the oxidation of the remaining NH4* from basal
fertilization and SOM mineralization, which had rates that were higher than those of
nitrification. Besides the understandable effect of DMPSA on the N.O coming from
endogenous or exogenous NH4", a significant effect of the inhibitor was also observed in N.O
derived from fertilizer NO3™-N (Table 4.5), as reported by Guardia et al. (2018), who also used
single-labeled ammonium nitrate (i.e., AN and A®N) but in a maize crop. It has been
demonstrated that soils with rapid nitrification rates (e.g., calcareous or alkaline) promote O
depletion and NO2™ accumulation, thus stimulating denitrification and increasing the N2O:N>
ratio (Y. Li et al., 2023b; Petersen et al., 1996). Therefore, the inhibiting effect of DMPSA is
also expected to detrimentally affect denitrification rates and the amount of N2O derived from
AN, A clear effect of NIs such as DMPP or DMPSA on denitrifying microorganisms has also
been observed by e.g., Torralbo et al. (2017) or Barrena et al. (2017), decreasing the abundance
of genes involved in the stepwise reduction of NOs™ to NO2 and NO, and/or increasing those
involved in the reduction of N2O to N2. These changes in microbial populations could be due
to the direct effect of NIs on denitrifying microorganisms or due to the indirect effect of
reducing the availability of NO3". Therefore, the addition of DMPSA could be effective when
conditions are favorable for high N2O losses, e.g., significant SOM mineralization rates

stimulated from the addition of N fertilizers (Thilakarathna and Hernandez-Ramirez, 2021) and
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even when a NO3z™-N-based synthetic fertilizer is applied. With regards to the effect of tillage,
non-tilled microplots tended to reduce N2O losses from AN (compared with conventional
tillage) but only when DMPSA was applied (Table 3, P < 0.10). Therefore, our findings were
consistent with those of Corrochano-Monsalve et al. (2020) under a humid Mediterranean
climate, suggesting that the combination of both strategies could be a good option for mitigating

N>O emissions.

4.1.6.2.2 Emissions after harvest

Under our climate and soil conditions, the highest N>O flux regardless of fertilization or soil
management was observed two months after harvest (Figure 4.5b), after an intense rainfall
event that was preceded by several weeks of drought and elevated temperatures (Figure 4.1a).
This pulse effect has been reported in several field studies under similar climatic conditions
(Montoya et al., 2022, 2021b). The intensity of N2O peaks after rewetting is greater when the
soil remains close to the permanent wilting point during several weeks both with (Bergstermann
et al., 2011) and without fertilizer application (Barrat et al., 2021), as was the case in our

experiment.

The accumulated N2O emissions derived from that pulse effect represented 71.5% of the total
N20 emissions, on average, thus highlighting the importance of measuring N2O fluxes during
the postharvest period in semiarid regions. Neither the fertilizer source (except the low peak in
NT-NO) nor the tillage management affected the magnitude of the rewetting peak. Moreover,
most of the N2O released after harvest came from endogenous N rather than from the applied
fertilizer (Table 4.5). This result could suggest that i) the opportunities for abating these
rewetting peaks through fertilization or tillage management could be limited; ii) this type of
peak could be mostly explained by the reactivation of microorganisms after rewetting (Barrat

et al.,, 2021; Montoya et al., 2022; Priemé and Christensen, 2001) rather than by the
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accumulation of residual or surplus N. However, we speculate that denitrifying microorganisms
could have played a significant role in the evolution of this peak because i) N.O emissions
derived from the NOz -N applied at top-dressing fertilization were higher than those derived
from NH4*-N (in contrast with the trend observed before harvest) and ii) the mean NH4*
concentration at the rewetting event (0.8 mg N kg ™) was much lower than that of NO3~ (24.0
mg N kg™?). The recent study of Montoya et al. (2022) also reported an increase in the
abundance of nitrifying archaea and denitrifying populations (but not of nitrifying bacteria)

during a postharvest rewetting peak.
4.1.6.3. Plant N recovery

Most N uptake of barley plants was obtained from soil/endogenous N instead of the N applied
through top-dressing fertilization (Table 4.7). This result is in accordance with the review of
Gardner and Drinkwater (2009). It is important to highlight that °N application was performed
at top-dressing, but the crop also received a basal fertilization of 40 kg N ha* at seeding. This
fact could partially explain our lower values compared with the 42% of plant N recovery and
the 37% of N uptake derived from fertilizer reported for small grain crops by Yan et al. (2020).
In addition, the fertilizer N losses that were not accounted for, e.g., NH3s volatilization, N
leaching, denitrification, could have also contributed to explaining the low N recoveries in
barley (Harmsen, 2003). Both the % *°N and the N derived from fertilizer in the crop (Table
4.7) revealed that barley plants preferably took up N from NOs" fertilization rather than from
NH4*. These results are in accordance with those from Inselsbacher et al. (2013) in a barley

crop and with those from Liu et al. (2019) in wheat cultivated in an alkaline soil.

Our results were also in accordance with most studies reviewed by Smith and Chalk (2020), in
which tillage management did not affect fertilizer N recovery by crops, and with the meta-

analysis of Gardner and Drinkwater (2009), which concluded that the use of NIs had no
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significant impact on crop N recovery. The meta-analysis by Sha et al. (2020) suggested that
the use of NIs can enhance the crop recovery of N from fertilizer, particularly when applied
with organic fertilizers or urea in soils with medium SOM contents and neutral pH, rather than
in soils with low organic matter content and calcareous soils, as in our experiment. Moreover,

this meta-analysis reported that DMPP did not have a significant effect on fertilizer-N recovery.

The use of DMPSA combined with no tillage enhanced the plant uptake of endogenous N,
particularly in the grain (Table 4.7). This increase was attributable to the improvement of plant
development and yields, rather than an effect on plant N concentrations. The results of the study
by Montoya et al. (2022) under similar experimental conditions than those of the present
experiment reported an increase of ca. 60% in barley biomass and grain yields in NT compared
with T plots regardless of the application of Nls in the fertilized treatments. The increase in N
uptake and crop yield in non-tilled compared with tilled plots was also reported in the review
of Shakoor et al. (2021) or by e.g., Soon and Arshad (2005) or Pittelkow et al. (2015a) during
dry years (as in our study) and/or in rainfed crops. This has also been observed under
Mediterranean conditions (Morell et al., 2011b; Plaza-Bonilla et al., 2014), being attributed to
the improvement of chemical fertility and water retention capacity (Abdalla et al., 2016). The
meta-analysis by Li et al. (2018) suggest that the enhancement in crop yield and/or NUE when
applying Nls tend to diminish with high soil pH (>8) such as that of our study, and also that
NIs are apparently more effective in enhancing NUE in irrigated cropping systems compared
with rainfed ones. Recent studies using DMPSA did not find effects on crop yield in neither
irrigated (Allende-Montalban et al., 2022) nor rainfed (Guardia et al., 2020) cropping systems

under Mediterranean climatic conditions.
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4.1.6.4. Soil N at the end of the experimental period

Soil N that was derived from AN fertilization was preferably retained in the topsoil (0-10 cm)
(Figure 4.8), which could be related to the adsorption capacity of NH4" to the soil colloid, thus
partially preventing its lixiviation to deeper layers. The concentration of soil N derived from
fertilizer NH4"-N was higher than that derived from NOs™-N fertilization in the first 10 cm, but
the opposite trend was observed at 10-40 cm, thus indicating the higher leaching potential and
mobility of synthetic NOs-N-based fertilizers (Figure 4.8). This higher concentration of
residual N derived from fertilizer NH4*-N fertilization in the top layer could also be related to
the abovementioned barley preference of NO3s™ uptake by roots. It should be highlighted that
under the conditions of the study, a significant amount of residual mineral N was present at the

end of the experiment (Table 4.3).

The use of DMPSA significantly increased the topsoil retention of N-derived NH4™-N
fertilization (Figure 4.8), thus enhancing the potential biological uptake and adsorption by the
soil matrix (Sha et al., 2020). Regarding tillage management, the higher residual N contents in
the deepest layer in tilled plots could be related to the lower N uptake in comparison with no
tillage and the vertical movement of this non-absorbed N. These results support the
recommendation of combining no tillage and NIs such as DMPSA to reduce the environmental

impacts during current and subsequent cropping campaigns.

Rainfed Mediterranean croplands are characterized by high inter-annual variability in the
amount and distribution of precipitation. The present study took place during a dry campaign.
However, different dynamics could be expected in humid campaigns. For instance, rainy
seasons may stimulate aboveground and belowground biomass production, thus increasing

plant N recovery. On the other hand, leaching losses are expected to increase under high-rainfall
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conditions, thus possibly decreasing both soil and plant recovery in coarse well-drained soils
(Quemada et al., 2013). Moreover, the input of endogenous N from the mineralization of
organic matter and crop residues is evidently driven by soil water availability (Quemada and
Gabriel, 2016). To explore and disentangle these dynamics, further research is required under

contrasting meteorological and soil (i.e., texture, pH) conditions.
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4.2. Experiment 2 - Maize residue input rather than cover
cropping influenced N20 emissions and soil-crop N dynamics

during the intercrop and cash crop periods

This section reports the results of this experiment, previously published in the journal

Agriculture Ecosystems & Environment (ISSN 0167-8809; JIF (2023) = 6.0).

DOI: 10.1016/j.agee.2023.108873

4.2.1. Environmental conditions

The mean air and soil (10 cm) temperatures during the whole experimental period were 14.3
°C and 16.1 °C (Figure 4.9a), with minimum air temperature in mid-January (-16.3 °C, Table
4.11) and maximum air temperature reached during the summer season in P3. The cumulated
precipitation during P1 and P2 (156 and 74 mm, respectively) was 12% and 30% lower than

that of the 15-year average in the area (Table 4.11).

Table 4.11. Climatological data (accumulated rainfall and air temperature) and WFPS in the three
periods (P1, P2 and P3) of the experiment. The WFPS mean values (n =15, n =14 and n = 17 in P1,
P2 and P3, respectively) are expressed as the average during each period + standard error of the mean.
Average accumulated rainfall and air temperature during the 15 years before the experiment.

Air Temperature WFPS
(C) (%0)
Ac_cumulated Mean Min. Max. Mean Min. Max.
rainfall (mm)
Experimental  P1 156 7.52 -16.3 238 398+24 132 527
year P2 74 19.1 -00 398 347+29 151 494
(2020-2021)  p3 g9 188  -13 416 356+33 135 644
15-years P1L 177 7.13
average P2 105 19.4
(2006-2020) P3 104 19.1
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The WFPS values ranged from 13.2% to 64.4% during the whole experiment (Table 4.11), with
72% reported values ranging between 30% and 50% (Figure 4.9b). The average WFPS during

the whole experiment was 36.7%, with no difference between the three experimental periods

(Table 4.11).

Soil Temp (10 cm)

W Rainfall (mm) Irrigation Air Temp (°C)
- 45.0
P3 - 40.0
- 35.0
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5
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Figure 4.9. Mean air and soil temperature (°C), rainfall and irrigation (mm) (a) and mean WFPS (%)
in the upper soil layer (10 cm) (b) during the three experimental periods (P1, P2 and P3).
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4.2.2. N2O emissions

The N20O emissions were lower in the control area than in the N-fertilized area even before
maize N fertilization (Figure 4.10a). In the N-fertilized area, the mean N2O cumulative
emissions during P1 and P2 (25.7 + 2.9 and 47.2 = 6.1 mg N m, respectively) were lower than
those reported in P3 (107.4 + 23.8 mg N m™) (Figure 4.11a-c). The highest N2O emission peak
during P1 (Figure 4.12a) was reported after a freeze—thaw period at the end of January (Figure
4.9a). Another emission peak was reported in both areas after the beginning of maize irrigation
and after several days of rainfall during P2, with values up to 8.82 mg N m2din -RC (Figure
4.12a) and 1.33 mg N m2d? in control_—RF (Figure 4.13a). The highest correlation reported
during P1 was between N>O emissions and soil NO3™ concentration (r = 0.708), but this was not
statistically significant (Figure 4.14a). A positive correlation was reported between N.O
emissions and WFPS values during P2 (P < 0.05; r = 0.558, Figure 4.14b). The cover crops
only affected the N2O emissions after their incorporation during P2, being 92.4% higher in C
than in F (Figure 4.11b). The higher input of maize residues in +R significantly mitigated N.O
emissions during P1 and P2, being 39.2% and 46.8% lower in +R than in —R, respectively
(Figure 4.11a,b). Furthermore, N2O emissions were mitigated in control_+R compared to
control_ —R during P1 by 37.6% (Table 4.12). However, the opposite occurred after N
fertilization in maize, with cumulative N2O emissions 2.7 times higher in the +R plots than in
the —R plots during P3 (Figure 4.11c). Three emissions peaks were reported during the first
month after fertilization coinciding with samplings made the day after irrigation events, with
the highest values reported in the +RL and +RC treatments, reaching up to 20.2 and 29.7 mg N
m2d?, respectively (Figure 4.12a). These values decreased three or four days after irrigation
events. The average EF and YSNE were 0.63% and 0.11 g N2O-N kg grain without differences

reported between maize residue incorporation or cover cropping treatments (Figure 4.11e,f).
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When considering the whole experimental trial, daily N>O emissions were strongly correlated
(P < 0.05) positively with soil NOz™ (r = 0.601) and negatively with DOC concentration (r = -
0.535) (Figure 4.14d), although the relationships were significant only for the L and +R
treatments (data not shown). Furthermore, a moderate correlation was reported with CO>
emissions (P < 0.01; r = 0.359) and with air and soil temperature at 10 cm depth (P <0.01;r =

0.471 and r = 0.403) (Figure 4.14d).
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E 125 o 30 100 b
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Figure 4.10. Average (a) cumulative N2O emissions, (b) soil NH4"-N concentration and (c) soil
NOs —N concentration for the three experimental periods (P1, P2 and P3) in the N-fertilized (blue
bars) and unfertilized control areas (orange bars). Different letters in each period denote significant
differences (P < 0.05) between areas according to the LSD test
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Figure 4.11. (a, b, ¢) Cumulative N.O-N emissions over the three experimental periods: P1, P2 and P3, respectively; (d) Total cumulative N2O-N emissions
at the end of the experiment; (e) the N,O emission factor (EF) and (f) yield-scaled N>O emissions (YSNE) in the different maize residue (higher input, +R,
and lower input, —R) and cover crop (cereal, C; legume, L; and bare fallow, F) treatments in the N—fertilized area. Different lowercase letters denote
significant differences in maize residue management for the same cover crop, while different uppercase letters denote significant differences between cover
crops for the same maize residue management scheme, at the 95% confidence level and having applied the LSD test. Vertical lines represent the standard
error of the mean (n = 3).
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Table 4.12. Cumulative N2O-N and CO,-C emissions over the three experimental periods (P1, P2 and P3), total cumulative N2O-N, CO,-C and CH4-C
emissions for the different maize residue (higher input, +R, and lower input, —R) and cover crop (cereal, C; legume, L; and fallow, F) treatments in the
unfertilized control area.

N2O cumulative emissions Total N,O CO; cumulative emissions Total CO, CHj4 cumulative emissions Total CH4
(mg N m?) (mgNm?) (gCm? (gCm?) _(mgCm? (mg C m?)
P1 P2 P3 P1 P2 P3 P1 P2 P3
Maize residue P=0.024 P=0292 P=0846 P=0.707 P=0001 P=0576 P=0.802 P=0.015 P=0832 P=0314 P=0879 P=0.623
Control_+R 12.8a 32.2 3.26 48.3 87.8a 85.2 87.6 261 a 8.55 -17.5 -26.7 -35.6
Control -R 206 b 23.3 1.51 45.4 149.7b 80.6 85.3 316 b 6.41 -9.06 -24.5 -27.1
S.E. 1.8 5.4 2.55 5.3 9.3 55 6.2 14 6.81 5.44 9.6 11.6

Cover crop P=0650 P=0197 P=0513 P=0143 P=0.000 P=0000 P=0.008 P=0.000 P=0600 P=0586 P=0.666 P=0.790

Control_C 18.4 214 5.31 45.1 132.2b 102.7 b 81.8a 317D 12.6 -16.8 -29.2 -33.4
Control_F 15.6 22.8 -1.22 37.2 61.2a 41.7a 68.5a 171a 9.35 -15.7 -30.9 -37.2
Control_L 16.1 39.0 3.06 58.2 162.8 b 104.3b 109.1b 376 ¢ 0.51 -7.44 -16.6 -23.6

S.E. 5.0 10.6 41.1 6.4 19.0 19.7 20.0 39 8.34 6.67 11.8 11.98

Maize residue

x C P=0016 P=0552 P=0345 P=0210 P=0001 P=0.014 P=0.021 P=0.298 P=0324 P=0252 P=0.69% P=0.253
over crop

Control_+RC  14.0ab 21.1 3.56 38.6 89.9ab 93.4b 86.9b 270 22.8 -28.1 -24.7 -30.1
Control_+RF  18.6 bc 26.1 3.99 48.7 77.5ab 36.2a 50.3a 164 11.6 -10.1 -29.2 -27.7
Control_+RL  6.0a 49.4 2.21 57.6 96.1Db 126.0c 1256¢ 348 -8.73 -14.4 -26.0 -49.2
Control_-RC 229 bc 21.7 7.06 51.6 1746 ¢ 112.1bc  76.7ab 363 2.40 -5.40 -33.7 -36.7
Control_—-RF 12.6 ab 195 -6.44 25.6 449a 47.3a 86.7b 179 7.10 -21.3 -32.6 -46.8
Control_-RL  26.3c 28.7 3.92 58.9 229.6d 826D 92.6 bc 405 9.74 -0.47 -1.25 2.0

S.E. 3.1 94 4.4 9.1 16.1 9.6 10.8 24 11.8 9.43 16.7 20.1

Different letters within columns denote significant differences (P < 0.05) between maize residue management or between cover crops by applying the LSD test. S.E.: standard
error.
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Figure 4.12. Daily fluxes of (a) N-O-N, (b) CO.-C and (c) CH,-C for the different maize residue (higher
input, +R, and lower input, —R) and cover crop (cereal, C; legume, L; and bare fallow, F) treatments
during the three experimental periods (P1, P2 and P3) in the N-fertilized area. Vertical lines denote
standard errors of the means. The black arrow denotes maize sowing and the beginning of the irrigation.
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Figure 4.13. Daily fluxes of (a) N2O, (b) CO; and (c) CHs in the unfertilized control plots for the
different maize residue (higher input, +R, and lower input, —R) and cover crop (cereal, C; legume, L;
and fallow, F) treatments during the three experimental periods (P1, P2 and P3). Vertical lines denote

standard errors of the mean. The black arrow denotes maize sowing and the beginning of irrigation.
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Figure 4.14. Pearson correlation coefficients for the daily air and soil (at 10 cm depth) temperature,
the daily N-O, CO, and CH, fluxes, and daily soil properties (WFPS, NH4*, NOs” and DOC) analyzed
over three experimental periods ((@) P1, (b) P2 and (c) P3, respectively) and over the whole
experimental trial (d) in the N-fertilized area. The asterisks indicate the level of significance level (* P
<0.05, ** P <0.01).

4.2.3. CO7 and CH4 fluxes

Cumulative CO> emissions were only affected by cover crops before maize fertilization in the
N-fertilized area (Table 4.13). At the end of the experiment, the total CO, emissions were
respectively 77% and 105% higher for the cereal and legume cover crops than for bare fallow
(Table 4.13). The cover crops influenced CO2 emissions throughout the experiment in the
unfertilized control area (Table 4.12). In the unfertilized area, the highest total cumulative CO>
emissions were reported in control_L (119% higher than in control_F), followed by control_C
(85% higher than in control_F) (Table 4.12). The highest input of maize residues only reduced

CO2 emissions during P1 in the control area (Table 4.12). The highest CO> fluxes were observed
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in early spring, when they reached 7.2 g C m2 d* in -RL (Figure 4.12b) and 10.6 g C m? d*!
in control_—RL (Figure 4.13b). Furthermore, CO fluxes were increased after cover crop
chemical termination and incorporation at the end of April and after intense rainfall and the
beginning of irrigation in mid-June in both N-fertilized and control areas (Figure 4.12b and
Figure 4.13Db, respectively). In the N-fertilized area, the application of synthetic fertilizer also
led to a CO, emissions peak. Cumulative CO> emissions at the end of the experiment were

similar in the N-fertilized and control areas (average 301 + 21 g C m?).

Daily CHa fluxes ranged from -1.46 to 1.67 mg C m d* (Figure 4.12c), with no differences
between maize residue management or cover cropping systems in the N-fertilized and control
areas (Table 4.13 and Table 4.12, respectively). During P1, net cumulative CH4 emissions were
reported in both areas, while during P2 and P3, the soil acted as a CH4 sink, with higher CH4
consumption in the control area during P2 compared to the N-fertilized area. Considering the
whole experimental period, the cumulative CH4 oxidation rates in the control area were 7.5
times higher (P < 0.05) than those reported in the N-fertilized area (-31 mg C m and -3.7 mg

C m?, respectively).
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Table 4.13. Cumulative CO-C and CH4-C emissions over the three experimental periods (P1, P2 and P3) and total cumulative emissions at the end of the
experiment for the different maize residue (higher input, +R, and lower input, —R) and cover crop (cereal, C; legume, L; and bare fallow, F) treatments in
the N-fertilized area.

CO, cumulative emissions Total CO, CH, cumulative emission Total CH4
(gCm?) (gCm?) (mg C m?) (mg C m?)
P1 P2 P3 P1 P2 P3
Maize residue P=0.239 P =0.499 P =0.703 P =0.635 P =0.905 P=0.720 P =0.979 P =0.855
+R 102 108 84.5 295 14.0 0.30 -16.3 -1.98
-R 125 122 79.6 327 11.7 -1.39 -15.8 -5.48
S.E. 20 10 20.8 40 12.0 2.90 11.6 12.0
Cover crop P =0.005 P =0.003 P =0.570 P =0.016 P=0.672 P =0.746 P=0.142 P =0.480
C 103 a 138 b 101 342 b 16.8 -0.10 -16.1 0.59
F 68.3 a 56.0 a 69.3 194 a 9.3 -4.45 -20.8 -16.0
L 168 b 153 b 75.6 397 b 125 2.92 -11.2 4.20
S.E. 19.0 19.7 20.0 39 5.8 6.72 3.0 12.0

Maize residue x Cover crop P =0.962 P =0.939 P =0.869 P =0.895 P=0.912 P =0.837 P =0.648 P =0.858
Different letters within columns denote significant differences (P < 0.05) between maize residue management or between cover crops by applying the LSD
test. S.E.: standard error.
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4.2.4. Mineral N and DOC

Maize stover management affected the NH4" concentration during P1 in both the fertilized and
control areas, with an average increase of 16.3% in +R compared to —R (Table 4.14and Table
4.15). The NH4" concentration during P2 was significantly greater in L than in F and C in both
areas (Table 4.14 and Table 4.15), with the highest values being reported 50 days after cover
crop incorporation (12.6 + 10.9 mg N kg in —RL) (Figure 4.15a). Before maize N fertilization
(P1 and P2), no differences were observed between the N-fertilized and control areas in terms
of soil NH4" (average 2.52 and 2.64 mg N kg, respectively) and NOs™ (average 4.55 and 12.2
mg N kg, respectively) concentrations (Figure 4.10b,c). In the N-fertilized area, the average
NOs soil concentration during P2 was 44.5% lower in C compared to F and 52.7% lower in C

than in L (Table 4.14).

Immediately after maize fertilization (P3), the mineral N concentration increased to 221 mg
NH4*-N kg in -RL and 212 NOs-N kg* in -RC and fell to levels similar to those reported
before fertilization two weeks and two months after N fertilization for NHs* and NOg’,
respectively (Figure 4.15a and b, respectively). During P3, the F plots reported the lowest NH4*
concentrations (52% and 37% lower than L and C, respectively), and NO3z™ was 22.6% higher
in—R than in +R in the N-fertilized area (Table 4.14). The mineral N content in the control area
during P3 was similar to that registered in previous periods, without any significant differences

between treatments (Table 4.15).

In the case of DOC concentrations, no significant differences were reported between the N-
fertilized and control areas throughout the experimental year. In the fertilized area (Figure
4.15c¢), significant differences were only observed during P2, due to the interaction of the two
factors (maize residue input and cover cropping), with lower DOC concentrations being

registered on plots receiving lower inputs of maize residue (except for —RL) (Table 4.14). In
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the control area, higher values were reported for the +R control plots than for the —R control
plots during P1 and P3 (Table 4.15). In addition, the development of cover crops during P1
reduced the DOC values in control_C and control_L compared to control_F (by 34.5% and
20.8%, respectively), with the opposite happening during P2 (47.7% increase in control L
compared to control_F). The average DOC concentrations registered during P3 (16.6 and 16.3
mg C kg in the fertilized and control areas, respectively) were both lower than those reported

before maize fertilization (Table 4.14 and Table 4.15).
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Figure 4.15. (a) Soil NH4"-N, (b) soil NOz-N and (c) soil DOC concentrations for the different maize
residue (higher input, +R, and lower input, —R) and cover crop (cereal, C; legume, L; and bare
fallow, F) treatments during the three experimental periods (P1, P2 and P3) in the N-fertilized area.
Vertical lines denote standard errors of the means. The black arrow denotes maize sowing and the
beginning of irrigation.
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Table 4.14. Soil NH4*, NOs™ and DOC concentrations over the three experimental periods (P1, P2 and P3) for the different maize residue (higher input, +R,
and lower input, —R) and cover crop (cereal, C; legume, L; and fallow, F) treatments in the N-fertilized area.

NH4* concentration

NOs concentration

DOC concentration

(mg N kg™ soil) (mg kg™ soil) (mg C kg sail)
Period 1 Period 2 Period 3 Period 1 Period 2 Period 3 Period 1 Period 2 Period 3

Maize residue P =0.023 P=0.074 P =0.283 P =0.069 P =0.380 P =0.015 P =0.140 P=0.198 P=0.444

+R 2.71b 2.56 17.0 5.53 13.6 54.9 a 32.0 34.2 17.4

-R 2.33a 2.33 26.7 4.39 11.6 67.3b 22,5 25.5 15.8

S.E. 0.07 0.16 4.7 0.22 1.2 1.07 2.8 3.2 1.9
Cover crop P=0.184 P =0.002 P =0.038 P=0.782 P =0.006 P =0.606 P=0.418 P =0.056 P =0.687

C 2.64 2.06 b 225b 4.66 7.71a 67.0 26.5 27.9 16.4

F 2.36 153 a 141 a 5.11 13.9b 58.8 26.3 28.5 15.6

L 2.56 3.74c 29.1b 5.11 16.3b 57.5 29.0 33.0 17.8

S.E. 0.12 0.35 3.9 0.52 1.37 7.0 15 1.4 1.8
Maize residue x Cover
crop P =0.401 P =0.441 P=0.214 P=0.344 P =0.562 P=0.711 P =0.383 P =0.044 P =0.107

+RC 2.89 242 20.1 4.89 9.5 64.0 32.8 325b 19.1

+RF 2.59 1.63 13.1 6.34 15.3 54.1 31.2 35.6b 18.2

+RL 2.64 3.62 17.9 5.36 16.0 46.6 32.1 343b 14.9

-RC 2.38 1.70 24.9 4.43 5.9 70.0 20.2 23.3a 13.8

-RF 2.12 1.44 15.0 3.88 12.5 63.5 21.4 214 a 13.1

-RL 2.47 3.86 40.3 4.87 16.6 68.5 25.9 31.8b 20.7

S.E. 0.17 0.50 5.5 0.73 1.9 9.9 2.2 1.9 2.6

Different letters within columns denote significant differences (P < 0.05) between maize residue management or between cover crops by applying the LSD

test. S.E.: standard error.
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Table 4.15. Soil NH4*, NO3 and DOC concentrations over the three experimental periods (P1, P2 and P3) for the different maize residue (higher input,
+R, and lower input, —R) and cover crop (cereal, C; legume, L; and fallow, F) treatments in the unfertilized control area.

NH4* concentration NOs concentration DOC concentration
(mg N kg™ soil) (mg kg™ soil) (mg C kg sail)
P1 P2 P3 P1 P2 P3 P1 P2 P3
Maize residue P =0.022 P=0210 P=0505 P=0840 P=0381 P=0081L P=0.000 P=0.104 P =0.003
Control_+R 271D 2.98 1.25 3.90 12.2 9.16 336D 34.4 20.0b
Control —R 2.34a 2.32 1.79 3.95 11.2 6.43 21.2a 28.8 12.6a
S.E. 0.08 0.33 0.54 0.19 0.7 0.92 0.8 2.1 1.1
Cover crop P=0973 P=0.021 P=0417 P=0.020 P=0.003 P=0125 P=0.001 P=0.041 P=0.117
Control_C 2.52 214 a 2.18 459D 7.8a 6.09 22.0a 31.7 ab 15.4
Control_F 2.52 1.86a 1.54 3.95ab 12.1b 7.38 336¢C 25.4 a 14.7
Control_L 2.54 3.96 Db 0.84 3.23a 15.1b 9.92 26.6 Db 375D 18.9
S.E. 0.10 0.41 0.66 0.24 0.9 1.13 1.1 25 1.3

Maize residue x Cover o _q o9  p=0732 P=0608 P=0058 P=0443 P=0129 P=0434 P=0369 P =0294

crop

Control_+RC 2.97¢c 2.57 2.23 4.89 9.5 64.0 32.8 32.6 19.1
Control_+RF 2.73 bc 2.36 0.71 6.34 15.3 54.1 31.2 35.6 18.2
Control_+RL 2.44 ab 4.02 0.81 5.36 16.0 46.6 32.1 34.3 14.9
Control_ —RC 2.08 a 1.70 2.13 4.43 5.9 70.0 20.2 23.3 13.8
Control_—RF 2.30 ab 1.37 2.37 3.88 12.5 63.5 214 214 13.1
Control_—RL 2.64 bc 3.90 0.88 4.87 16.6 68.5 25.9 31.8 20.7
S.E. 0.14 0.58 0.94 0.73 1.9 9.9 2.2 1.9 2.6

Different letters within columns denote significant differences (P < 0.05) between maize residue management or between cover crops by applying the
LSD test. S.E.: standard error.
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4.2.5. N uptake and yields in cover crops and maize

The average aboveground N uptake of cover crops was 53% higher (P = 0.071) in the legume
than in the cereal cover crop, regardless of residue management (Table 4.16). The C:N ratio in
the cereal cover crop was twice that in the legume cover crop, and the total aboveground
biomass in barley was also higher than that in vetch (0.1 < P < 0.05). The differences between

cover crop species in N content and in C:N ratio were intensified in the —R treatment (Table

4.16).

Table 4.16. Percentage of C and N, C:N ratio, aboveground N uptake (kg N ha™*) and dry aboveground
biomass (Mg ha™) of cover crops (cereal, C and legume, L) for the different maize residue management
(higher input, +R, and lower input, —R) treatments in the N-fertilized area.

Ccontent Ncontent C:Nratio Aboveground Total

(%) (%0) N uptake aboveground
(kg N ha?) biomass
(Mg D.M. ha?)

Maize residue P=0.191 P =0.846 P=0.078 P=0.724 P=0.729

+R 40.3 2.53 16.8 112 4.45

-R 40.8 2.44 211 105 4.63

S.E. 0.2 0.04 0.9 13 0.33
Cover crop P =0.048 P =0.000 P =0.000 P=0.071 P=0.072

C 40.2a 1.70 a 25.3Db 85.5 5.08

L 409b 3.27hb 126a 131.1 3.99

S.E. 0.2 0.08 15 13.2 0.32
Maize residue x p_g0g4 p=0001 P=0018 P=0618 P =0.201
Cover crop

+RC 40.2 2.01b 20.3b 94.1 4.65

+RL 40.4 3.06¢c 13.2a 129.6 4.24

-RC 40.2 153a 30.3¢ 76.9 5.51

-RL 41.5 3.48¢ 120a 132.6 3.75

S.E. 0.3 0.06 1.33 18.7 0.45

Different letters within columns denote significant differences (P < 0.05) between maize residue
management or between cover crops by applying the LSD test. D.M.: dry matter. S.E.: standard error.

The average maize grain yield in the N-fertilized area was 16.6 Mg ha* (Table 4.17). Legumes

significantly reduced the grain yield by 7.9% and 9.5% compared to F and C, respectively. The
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stover yield and the stover N content tended to be lower (P < 0.1) in the L-plots compared to C
and F. The N yield in maize stover was also 16.3% and 19.3% lower in L compared to C and
F, and the NUE was 149% and 151% higher in C and F compared to L, respectively. The grain
N content and grain N uptake were strongly and negatively correlated with cumulative N2O
emissions after maize fertilization (r = -0.651, P < 0.01 and r = -0.485, P < 0.05, respectively)

(Figure 4.16).

All the abovementioned parameters (yield, % N and N uptake) were higher when maize was
grown in the N-fertilized area compared to the control area (P < 0.01). In contrast to the
fertilized area, grain yield and N uptake in control_L were 28% and 40% higher than those in
control_C and 30% and 46% higher than those in control _F, respectively. Furthermore, in
unfertilized plots, both grain yield and grain N uptake were 17% and 22% higher in +R than in

-R, respectively (Table 4.18).
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Figure 4.16. Pearson correlation coefficients for cumulative N>O emissions after maize fertilization
(N2O_P3), and the yield maize parameters for the N-fertilized area. The asterisks indicate the levels of
significance (* P < 0.05, ** P < 0.01).
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Table 4.17. Maize yield, N content and N uptake in maize stover (aboveground biomass without grain) and maize grain, weight of 100 maize grains and NUE
for the different maize residue (higher input, +R, and lower input, —R) and cover crop (cereal, C; legume, L; and bare fallow, F) treatments in the N-fertilized
area.

Stover yield Grainyield 100 grain weight N stover N Grain Stover N uptake Grain N uptake NUE
(Mg ha) (Mg ha) Q) (%) (%) (kg N ha) (kg N ha) (%)
Maize residue P=0.334 P =0.426 P =0.965 P =0.927 P =0.012 P =0.246 P=0.197 P =0.107
+R 16.2 16.2 37.8 0.54 0.99a 86.0 160 37.9
-R 17.7 17.0 37.9 0.54 1.03b 95.8 176 57.3
S.E. 0.9 0.6 0.9 0.02 0.00 4.2 6 4.9
Cover crop P =0.066 P =0.046 P =0.449 P =0.079 P =0.835 P=0.011 P =0.340 P =0.000
C 17.7b 17.3b 38.5 0.56 ab 1.00 984D 173 63.2b
F 16.7 ab 17.0b 37.3 0.57b 1.01 949D 172 54.1Db
L 16.1a 156 a 37.9 0.50a 1.02 79.4 a 160 25.4a
S.E. 0.4 0.4 0.6 0.02 0.02 3.5 7 3.7

Maize residue x
Cover crop P=0.172 P=0.221 P =0.259 P=0.401 P =0.696 P=0.112 P =0.407 P=0.271

Different letters within columns denote significant differences (P < 0.05) between maize residue management or between cover crops by applying the LSD
test. S.E.: standard error.
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Table 4.18. Maize stover (aboveground biomass without grains) and grain yield, weight of 100 maize grains, N content and N uptake in maize stover and
maize grain and yield scaled N,O emissions (YSNE) in the different maize residue (higher input, +R, and lower input, —R) and cover crop (cereal, C; legume,
L; and bare fallow, F) treatments in the unfertilized control area.

Stover yield Grainyield 100 grainweight Nstover N Grain  Stover N uptake  Grain N uptake YSNE

(Mg ha™) (Mg ha™) (9) (%) (%) (kg N ha™) (kg N ha™) (g N kg grain™)

Maize residue P =0.895  P=0008 P=0171 P=0185 P=0.368 P =0225 P =0.019 P =0.481

Control_+R 11.4 11.8b 35.1 0.50 0.93 56.4 110 b 0.04

Control_—R 11.4 10.1a 325 0.41 0.89 47.4 91a 0.04

S.E. 0.4 0.3 1.2 0.04 0.03 47 4 0.00
Cover crop P=0047 P=0002 P=0176 P=0815 P=0212 P=0272 P =0.004 P =0.365

Control_C 11.0a 10.1a 326 0.45 0.89 49.2 90 a 0.04

Control_F 10.6 ab 9.9a 325 0.44 0.87 46.3 86 a 0.04

Control_L 12.6 b 12.9b 36.4 0.48 0.97 60.2 125 b 0.05

SE. 0.80.5 0.4 1.4 0.05 0.04 5.7 5 0.00
Maize residue x  , _ 5 g/g P = 0.465 P = 0.856 P=0525 P=0458 P=0.568 P = 0.337 P =0.100

Cover crop

Different letters within columns denote significant differences (P < 0.05) between residue management or between cover crops by applying the LSD test. S.E.:
standard error.
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4.2.6. Discussion

4.2.6.1. Maize residue input as a key driver of N2O fluxes

In line with the first hypothesis, during P1 and P2, the higher inputs of maize residue (+R)
resulted in a significant reduction in soil N2O emissions compared to the plots from which
residues were removed (-R). This was consistent with the negative relationship that is
frequently found between the return of crop residues with high C:N ratios, such as maize
residues, and N2O emissions (Abalos et al., 2022b; Chen et al., 2013; Hu et al., 2019). The
abatement of N>O emissions when high C:N ratio residues (> 30) are incorporated has been
associated with a decrease in soil mineral N levels as a result of their immobilization during
residue degradation (Chen et al., 2013). This immobilization has a detrimental effect on the
nitrification and denitrification processes, which are the main processes controlling soil N2O

production (Ussiri and Lal, 2013).

In contrast to the results obtained before fertilization, the cumulative N>O emissions during P3
were 170% higher on the +R than on the —R plots (Figure 4.11a-c). This was probably because
coupled nitrification-denitrification was favored when it was combined with: i) the
incorporation of large amounts of C:N crop residue from maize (Sarkodie-Addo et al., 2003);
ii) the addition of easily available NH4"-N and NOz-N via synthetic fertilization; iii) the
irrigation of the cash crop, with the consequent increase in soil moisture, which favors
mineralization (Elrys et al., 2021) and other biochemical processes involved in the release of
N2O (Butterbach-Bahl et al., 2013) (Figure 4.9b); and iv) the warm soil and air temperatures
registered in the summer season during the cash crop phase (Figure 4.9a), which are positively
related to microbial activity and N2O emissions (Ussiri and Lal, 2013). This increase in
microbial activity during the summer season was supported by the correlations reported in P3

between CO; and air and soil temperature (P <0.01; r=0.612 and r = 0.633, respectively) and
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between N2O emissions and air temperature (P < 0.05; r = 0.526) (Figure 4.14c). Purportedly
greater microbial activity on the plots with the highest residue inputs was supported by lower
soil mineral N concentrations (in comparison with those with low topsoil residue inputs) (Table

4.14) during P3.

The results obtained indicate that any potential benefits relating to N.O mitigation deriving
from the topsoil retaining residues during the intercrop period (P1 and P2) (Figure 4.11a,b)
were no doubt offset by increased N>O emissions during the cash crop phase (Figure 4.11c).
Thus, the N2O emissions after cash crop fertilization had an important influence on total N.O
losses (i.e., cumulative emissions after fertilization represented up to 75% and 38% of total N.O

emissions in +R and —R, respectively).
4.2.6.2. Influence of cover cropping on N2O fluxes

Contrary to the initial hypothesis, using different cover cropping systems during the growing
period had no effect on N2O emissions (P1, Figure 4.11a). Greater fluxes would, however, have
been expected from plots with legume cover crops, as reported by Sanz-Cobena et al. (2014a),
as a consequence of the capacity of legumes to fix atmospheric N2 and thus influence the
balance between soil N uptake and release. The meta-analysis by Basche et al. (2014) also
revealed that using legume species as cover crops had a positive relationship with N2O
emissions when no additional N was applied. However, no significant differences in soil
mineral N values were observed between the cover crops during their growing phase (P1, Table
4.14). This could explain similar results for N2O emissions during this same period. In line with
the results found in this study, Basche et al. (2014) suggested that the growth periods of cover
crops were responsible for reduced effects in terms of N.O emissions compared to those

following their incorporation and decomposition, or the cash crop phase. This could be related
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to the limiting low temperatures usually reported during the winter season, which coincide with

cover crop growth (Ussiri and Lal, 2013).

Although it is frequently observed that the incorporation of legume cover crop residue increases
N2O emissions compared to that from nonlegume species (Muhammad et al., 2019), the
opposite was observed in the present study during P2. During that period, the cereal cover crop
produced higher cumulative emissions than the legume after their incorporation (Figure 4.11b);
this contradicted the second hypothesis. The highest N2O fluxes observed during this period
occurred in mid-June (Figure 4.12a), immediately after soil rewetting. They were a
consequence of several days of rainfall and of the beginning of cash crop irrigation resulting in
a significant increase in WFPS, which coincided with warmer soil and air temperatures (Figure
4.9). In fact, WFPS was the only variable that significantly correlated with N2O emissions
during this period (r = 0.558, Figure 4.14b). Furthermore, the average WFPS values during P2
were 8 % and 7% significantly higher in barley compared to the fallow and vetch subplots
respectively (data not shown). This increase in WFPS, together with the greater amount of
aboveground biomass and higher C:N ratio in barley crop compared to that of vetch (Table
4.16), could have stimulated N>O production after rewetting (Barrat et al., 2021). Previous
findings have reported higher N2O emissions associated with less recalcitrant and lower C:N
residues (Abalos et al., 2022a) due to the higher N availability from their mineralization. Indeed,
during this decomposition period after cover crop termination, the rapid mineralization of the
low C:N ratio vetch biomass (< 25) provided N in excess of the microbial N demand (Shan and
Yan, 2013). This resulted in higher soil mineral N levels in the legume than in the nonlegume
cover crop, in both the N-fertilized and control areas (Table 4.14and Table 4.15, respectively).
These results suggest that this known and widely accepted pattern could be different in semiarid
areas in which rewetting episodes are key drivers of annual N2O emissions. These N2O hot

moments after rewetting could mainly be driven by denitrification (Butterbach-Bahl et al.,
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2013; Montoya et al., 2022). As a result, under the conditions of the present study, the greater
aboveground biomass, C:N ratio and easily available C in the cereal residue along with the
higher WFPS values, may have promoted levels of anaerobicity and denitrification during
rewetting events (Zhijie Li et al., 2021). These conditions may have exceeded the effects of the

greater N release from the decomposition of the legume residue.

As previously reported by Guardia et al. (2016a), no significant differences between cover
cropping systems regarding N2O emissions were observed after integrated N fertilization.
However, the higher C:N ratio for the aboveground barley biomass compared to that of vetch
(Table 4.16) and the presence of readily decomposable carbon substrate for heterotrophic
denitrifiers in immature residues (such as those from cover crops) could explain the numerically
higher N2O emissions from the barley plots than from the vetch and fallow plots (Abalos et al.,
2022b; Butterbach-Bahl et al., 2013). It is important to highlight that incorporating vetch is a
good strategy for mitigating the carbon footprint because it reduces the need for synthetic N
fertilization and therefore upstream emissions associated with the industrial production of

fertilizers (Guardia et al., 2019).
4.2.6.3. Legacy effect of synthetic N on N2O emissions

In the present cover cropping field experiment, fertilized and unfertilized cash crop areas were
established together with residue input and cover crop factors. This made it possible to shed
light on the relevant residual N carry-over effect associated with intensively managed cash
crops and the role of catch crops in surplus N recycling. The differences in cumulative N2O
emissions observed between the two areas during P2 were not as notable as those during P1 (P
< 0.05 and P < 0.1 in P1 and P2, respectively) (Figure 4.10a). Thus, although there was no
significant difference between the two areas in terms of soil mineral N (Figure 4.10b, c), the

legacy effect of the N applied in the previous cropping season would have influenced the N.O
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emissions, especially at the beginning of the experiment, which is in line with the initial

hypothesis.

On average, 59% of the total cumulative N2O emissions were produced during P3 (i.e., after
maize N fertilization) in the N-fertilized area (Figure 4.11c,d), while only 5% were emitted
during P3 in the control area (Table 4.12). These results support those of Ferrari Machado et al.
(2021), who identified N from fertilization as the dominant source of N2O in studies involving

crop residues.

Overall, no significant differences in N2O EFs were reported in relation to maize residue
management or cover cropping, despite barley cover crops and the incorporation of maize
stover tending to increase them (Figure 4.11f). The average EF (0.64 + 0.11%) observed in the
present study was below the 0.91% average N.O EF associated with cropping systems subjected
to sprinkler irrigation under Mediterranean conditions (Cayuela et al., 2017), and was similar

to the IPCC default value of 0.5% for dry climates (IPCC, 2019b).
4.2.6.4. Effects on soil respiration and CHjy fluxes

CO. emissions are highly dependent on soil microbial activity, which tends to increase with
moderate soil temperature and is negatively affected by low water content (Nilahyane et al.,
2020). The present study revealed an interannual variation in CO> fluxes (Figure 4.12b and
Figure 4.13b). Furthermore, and as predicted by Barnard et al. (2020), a peak in CO> emissions
was observed in both the N-fertilized and control areas for the cover crop plots (vetch and
barley) in mid-June. This was a consequence of the soil rewetting after the first intense spring
rainfall, the onset of irrigation preceded by mild temperatures registered in the spring season
(Figure 4.9a), and the incorporation of the cover crop in the topsoil. However, soil respiration
decreased from mid-summer (at the beginning of P3), when the soil temperature increased

(>25°C), thus limiting soil microbial activity. Opposite to the results reported by Wang et al.
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(2019), no differences between the control and the N-fertilized area were reported for any of
the three periods relating to average cumulative CO> fluxes. This suggests that respiration was
not affected by N addition, which is contrary to what has been previously reported (Wang et
al., 2019). This may indicate that root biomass and respiration were similar in fertilized and
non-fertilized plots, and that soil moisture and soil temperature were the key drivers of

ecosystem respiration fluxes.

Net methanogenic activity was reported in both areas during P1 (Table 4.12 and Table 4.13),
when the lowest soil and air temperatures were registered. These results were in line with the
review by Shukla et al. (2013), who observed that CH4 oxidation was reduced when soil
temperatures in many temperate areas fell below 5°C, with this being a result of reduced gas
diffusion and physiological stress. The total cumulative CH4 fluxes at the end of the experiment
were negative in both the N-fertilized (Table 4.13) and control (Table 4.12) areas. This suggests
that there was an overall sink effect for CHs, regardless of the maize residue management or
cover cropping system. Similar results have been reported by Guardia et al. (2016a) and Sanz-
Cobena et al. (2014a) in field experiments conducted under similar climatic conditions. In
accordance with the meta-analysis carried out by Wu et al. (2022) and with field studies
involving irrigated maize (Huérfano et al., 2015), an 88% decrease in soil CH4 consumption
was observed in the N-fertilized area compared to the control area. This would suggest that the
addition of N significantly reduced the rate of CH4 uptake by the soil. The recent meta-analysis
by P. Li et al. (2023) reported a significant decrease in cumulative CH4 emissions associated
with higher rates of straw input. However, similar to Wegner et al. (2018) in a corn—soybean
rotation, no significant effect was reported for CH4 fluxes between maize residue management

systems or cover crops.
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4.2.6.5. Maize yield, YSNE and NUE

As expected, the objective of enhancing maize yield when applying N via synthetic fertilization
was evidently achieved (Table 4.17 and Table 4.18). However, the higher cumulative N2O
emissions in the N-fertilized area (Figure 4.10a) drove the YSNE, resulting in them being
significantly higher in fertilized plots (average 0.11 g N kg grain, Figure 4.11f) compared to
those in the control area (average 0.04 g N kg grain, Table 4.18). Maize stover management
did not affect the maize yield parameters in the fertilized area (Table 4.17). However, on the
unfertilized plots, there was a 17% increase in grain yield and a 22% increase in grain N uptake
on the +R compared to the —R plots (Table 4.18). This supports the findings of the global meta-
analysis carried out by P. Li et al. (2023), who reported overall increases in both crop yield and
NUE, by 9% and 23%, respectively. It also suggests that the incorporation of maize stover
successfully provided mineral N to the subsequent crop, although its effects were masked when
N was applied via fertilization. Long-term experiments have also reported increases in maize

yields after several years of stover incorporation (Urra et al., 2018).

The maize grown on vetch plots received the lowest mineral N via integrated soil fertility
management (i.e., 170 kg N ha) but produced the lowest grain (P < 0.05) and stover (P < 0.10)
yields, as well as the lowest NUE values (Table 4.17). These differences were not related to
grain weight but to the total number of grains on each cob (Table 4.17). These results were in
line with those reported by Abdalla et al. (2019), who found that cover crops (both legumes and
nonlegumes) reduced cash crop yields by around 4%, while the combination of legume and
nonlegume cover crops increased cash crop yields by about 13%. The meta-analysis by Tonitto
et al. (2006) also found that replacing fallow with a legume cover crop resulted in negative yield
or had no effect on production. These yield penalties on vetch plots highlight the challenge

inherent when trying to optimize integrated N management and to accurately predict the supply
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of N from the decomposition of legume residues. The incorporation of low C:N residues from
cover crops, and particularly legume cover crops, can produce a very rapid release of mineral
N when cash crop N uptake is still low (Drinkwater et al., 2000). The amount of plant available
N obtained from cover crops would then not be efficiently taken up and maize yields could be
reduced in comparison with treatments involving greater N inputs via N fertilization at top-
dressing coinciding with the highest crop demand and N acquisition potential. However, in the
unfertilized control area, the maize grown after the legume cover crop produced the highest
yields and N uptake rates (Table 4.18). These results confirmed the potential benefits of
including legumes in rotations (Gou et al., 2023) and the need to appropriately integrate the N
supplied by synthetic fertilization and legume residues in order to reduce the C footprint of

croplands and avoid yield penalties.
4.2.6.6. Uncertainties and future research

For the first time, this one-year study sheds light on the interaction between cover cropping and
the amount of cash crop residue in the N legacy. However, N2O fluxes are often strongly driven
by environmental conditions and this is the case with many rainfed Mediterranean croplands,
which may exhibit large degrees of year-on-year variability (Lassaletta et al., 2021), as occurred
at the experimental site highlighted in this study (Table 4.19). Under the conditions of this
experiment, small influence of this variability could have been expected during the maize
cropping phase (P3), since the meteorological and management conditions produced optimum
conditions for the microbial communities commonly involved in nitrification, denitrification
and mineralization (Zhaolei Li et al., 2021; Ussiri and Lal, 2013). This occurred and was the
result of warm temperatures in summer and the presence of sufficient soil moisture due to water
being supplied through irrigation. During the cover cropping phase (P1), meteorological
conditions are often more unpredictable, but high N2O emissions are usually prevented by low

soil temperatures (Aguilera et al., 2013b). Relating to this point, a random-meta-forest analysis
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conducted by Y. Li et al. (2023a) revealed that emissions from cover cropping systems were
mainly driven by soil pH, N and SOC contents rather than by other variables, such as climate.
However, after cover crop termination, temperature and soil moisture would seem to be the key
drivers responsible for N release from labile residues, which is something that tends to occur to
a significant degree in the first months after termination (Nyabami et al., 2023). They also
influence the magnitude of N2O peaks after rewetting, with these being intensified by intense
periods of drought (Barrat et al., 2021). Even though the temperatures and amount of rainfall
before the maize crop was sown were close to 15-year average values (Table 4.19), we
hypothesize that extremely low and high quantities of rainfall during P2 could have resulted in
lower than normal N2O losses, respectively due to the reduced mineralization of crop residues
and to the lower intensity of rewetting events. However, this will need to be confirmed in future
multi-year field studies. Furthermore, it will be necessary to quantify the specific contributions
made by nitrification, bacterial/fungal denitrification (which is relevant during N2O rewetting
pulses) and nitrifier denitrification through, e.g., site preference, is still needed (Wei et al., 2023,
Wrage-Monnig et al., 2018). It would also be relevant to study the dynamics of C and N
mineralization (through *C and *°N-labeled residues) in order to find ways of overcoming the
limitations of integrated soil fertility management. It is therefore recommended to include the
soil mineral N concentrations after cover cropping in calculations of N emission rates resulting
from integrated fertilization. This is also strongly recommended in order to avoid potential yield

penalties of the type reported in this study (Table 4.17).
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Table 4.19. Cumulative rainfall, mean air temperature, average minimum and maximum temperature, absolute minimum and maximum temperature and
evapotranspiration during every month corresponding to the cover crop phase of the experiment (November to June) and during the whole cover crop phase
in the experimental year (2020/2021) and during the fifteen years before the experiment (2006-2020). Data in brackets indicate the minimum and maximum

values of each parameter

November December January February  March April May June gﬁ;’g crop
Cumulative  2020/2021 59 21 32 47 4 69 12 33 277
Rainfall (mm) "2006-2020 48 33 31 33 41 51 51 25 303
(8- 128) (4 - 128) (7-71) (1-102) (4-137) (10-137)  (10-89) (2-57)
Mean T* ("C) 2020/2021 9.7 6.7 2.3 9.2 9.7 12.1 17.2 21.9 11.1
2006-2020 8.8 5.3 5.0 6.5 9.6 12.8 16.9 21.8 10.9
(62-112) (3.7-77) (36-77) (41-88) (8.2-10.7) (11.1-152) (13.6-18.8) (19.8-24.8)
Average 2020/2021 4.9 1.9 -2.8 4.2 2.2 6.3 8.8 13.9 4.9
Min. T* °C)  2006-2020 3.4 0.2 0.0 0.6 2.9 6.1 9.2 13.2 4.4
(-15-73) (21-37) (38-34) (40-36) (09-45) (3.7-7.8) (6.2-10.8) (11.5-15.8)
Average 2020/2021 15.8 11 8.1 15 17 18.3 24.8 20.4 17.4
Max. T* (°C) 2006-2020 15.2 11.7 11.0 13.0 16.4 19.5 24.2 29.5 17.6
(13.0-18.1) (10.0-14.8) (85-12.8) (10.4-16.3) (12.9-19.2) (16.7-23.0) (20.5-26.9) (27.1-32.8)
Absolute 2020/2021 -1.8 -5 -16.3 0.6 -3.6 0 3.9 10 -15
Min. T* (°C)  2006-2020 -3.7 -6.3 6.4 -4.8 -2.9 0.1 2.9 7.2 -1.7
(-9.7-15) (-10.9--2.4) (-11.9--2.3) (-9.6--20) (47-00) (-25-54) (-0.3-6.2) (4.7-9.9)
Absolute 2020/2021 21.5 16.6 18.8 19.5 23.8 23.7 325 35 23.9
Max. T* (°C)  2006-2020 21.6 16.8 16.7 19.3 235 26.4 31.7 36.7 24.1
(18.6 - 24.4) (15.3-18.8) (14.0-19.6) (155-22.4) (16.5-26.9) (22.5-28.9) (26.4-35.1) (33.7 - 40.3)
ET° (mm) 2020/2021 28 29 23 40 81 83 147 169 75
2006-2020 36 25 31 46 81 105 147 176 81
(28 - 49) (19 - 30) (26 - 35) (40 - 62) (61 - 99) (84-129)  (113-174) (152 - 196)
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4.3. Experiment 3 - Contribution to N2O emissions and N fate
of crop residues and fertilizer N in a cover crop-maize rotation.
A B5N-tracing study

4.3.1. Meteorological conditions, soil mineral N and DOC

The cumulative rainfall during the experiment (from mid-November 2020 to mid-November
2021) was 417 mm, with a cumulative rainfall of 230 mm and 187 mm during P1 and during
P2, respectively. The average temperature during the experimental year was 14.3 °C, with
minimum and maximum air temperatures of —16.3 °C and 41.6 °C, respectively, reported in
mid-January and mid-August (Figure 4.17a). The average WFPS ranged from 13% to 52%
before maize irrigation (i.e., during the cover cropping period), and from 15% to 64% during

the maize irrigation period (Figure 4.17b).

The average soil NH4" concentrations increased after maize fertilization, rising from 4 mg N
kg~1to 67 mg N kg, and then decreased to baseline levels three weeks after fertilization (Figure
4.17c). Cover crops did not influence soil NH4* concentrations throughout the whole

experimental period (Figure 4.18a). Soil NO3z~ concentrations also increased after maize
fertilization, reaching 122, 146 and 110 mg N kg~tin F, V and B treatments, respectively, 4 to
9 days after fertilization. The soil NOs~ concentration remained above 40 mg N kg for 3 weeks

in all cover cropping treatments, decreasing to baseline levels five weeks after maize
fertilization in all treatments (Figure 4.17d). Before maize fertilization, the barley microplots

reported the lowest soil NO3~ concentration (average 7.2 mg N kg™) (Figure 4.18b). The
average soil NOz~ concentration in V during P2 (82.0 mg N kg™) was 36% and 33% higher

compared to F and B, respectively (P < 0.05). No significant differences were observed in soil

DOC between treatments (Figure 4.18c).
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Figure 4.17. Daily meteorological parameters (precipitation, average air temperature and average
soil temperature at 10 cm depth). The reddish area corresponds to the daily thermal amplitude (a);
topsoil (10 cm depth) water-filled pore space (WFPS) (b); daily soil NH4*, NOs and DOC
concentrations (c, d and e, respectively) before (P1) and after maize fertilization (P2) in the different
cover crop treatments (bare fallow, F, vetch, V, and barley, B). Vertical bars denote the standard
error of the mean (n =3 in P1, n =9 in P2). The dotted red line indicates the maize top-dressing
fertilization date (19 July 2021) corresponding to the transition from P1 to P2. The blue shadow area
corresponds with the maize irrigation period.
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Figure 4.18. Average soil NHs* (a), NOs™ (b) and DOC (c) concentrations in the different cover crop
treatments (bare fallow, vetch, and barley) before (P1) and after maize fertilization (P2). The vertical
lines denote the standard error of the mean (n = 3 in P1, n = 9 in P2). Different letters within each
period denote statistical differences (P < 0.05) between cover crop treatments in each period by
applying the LSD test. n.s.: no significant difference.

4.3.2. N>O and CO: emissions

Before maize fertilization, most daily N2O fluxes were below 0.5 mg N m=2 d-! (Figure 4.19a).
During P1, the average accumulated N>O emission was 57.9 mg N m=2, with no statistical
differences between cover cropping treatments (Figure 4.19c). During this period, daily N.O
emissions were positively correlated with WFPS (r = 0.53; P < 0.01), CO> emissions (r = 0.53;

P < 0.05), and soil NH4" (r = 0.77; P < 0.05) (Figure 4.20a).

The highest N.O emission flux during Period 2 (9.6 mg N m=2 d-!) was reported one week after
maize fertilization (Figure 4.19a). Four weeks after fertilization, emissions dropped below 0.5
mg N m~2 d-1, with a short-term increase at the beginning of September, immediately following
a 41 mm rainfall event (Figure 4.17a). The average accumulated N>O emission flux during P2
was 98.0 mg N m~2, with no significant differences between cover cropping treatments (Figure
4.19c). During both P1 and P2, vetch was the cover cropping treatment with the highest
numerical accumulated N>O emissions, being statistically significant (P < 0.05) when
considering the total emissions at the end of the experiment (i.e., 47% increment in \VV compared

with B, Figure 4.19c).
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Figure 4.19. Daily N,O (a) and CO- (b) emissions before (P1) and after maize fertilization (P2) in the
different cover crop treatments (bare fallow, vetch and barley). The dotted red line indicates the maize

top-dressing fertilization date (19 July 2021) corresponding with the transition from P1 to P2. The

blue shadow area corresponds with the maize irrigation period. Cumulative N2O (c) and CO- (d)
emissions during P1 and P2 and total cumulative emissions at the end of the experiment. Different
letters within each period denote statistical differences (P < 0.05) between cover crop treatments in
each period by applying the LSD test. n.s.: no significant difference. Vertical bars denote the standard
error of the mean (n =3 in P1,n=9in P2).

During P2, daily N>O emissions were strongly and positively correlated with both air and soil
temperature, as well as CO2 emissions (r = 0.66, P <0.01; r =0.66, P <0.01 and r =0.80, P <
0.001, respectively) (Figure 4.20b). These correlations were also significant considering the
entire experimental period, with additional correlations (P < 0.05) found between N2O

emissions and soil WFPS and NH4* (r = 0.31 and r = 0.48, respectively) (Figure 4.20c).

During P1, cumulative CO2 emissions were 104% and 33% higher in VV compared to F and B,
respectively (Figure 4.19d). During this period, soil respiration fluxes increased in mid-April,
after the termination of cover crops, and also in mid-June, coinciding with the onset of the

maize irrigation period (Figure 4.19Db).
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Figure 4.20. Pearson correlation coefficients for the daily air and soil (at 10 cm depth) temperature,
the daily N,O and CO; fluxes, daily soil properties (WFPS, NHs*, NOs~ and DOC) and daily N,O
emissions derived from *N—enriched maize residues (N.O—Nisres), derived from *NHsNO; fertilizer
(N20—Nusan), derived from NH4NO; fertilizer (N2O—Naisn) and derived from soil endogenous N
(N20—Nsoil) analyzed before maize fertilization (P1) (a), after maize fertilization (P2) (b) and over the
whole experimental trial (c).

During P2, no differences in cumulative CO2 emissions were observed between cover crops.
Considering the entire experimental period, cumulative CO2 emissions were lower in F (2499
C m™2) compared to V and B (404 g C m2and 355 g C m2, respectively) (P < 0.05, Figure

4.19d). Similar to daily N2O fluxes, air and soil temperatures were positively correlated with
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daily CO, emissions throughout the whole experiment (Figure 4.20c), particularly during P2 (r

=0.72,P <0.001 and r = 0.71, P < 0.001, respectively) (Figure 4.20b).

4.3.3. 15°N>0O emissions

Before maize fertilization (P1), the contribution of maize residues on N2O emissions increased
from 2% of daily N2O fluxes at the beginning of the experiment to 7% after the start of maize
on 11 June 2021 (Figure 4.21). During this period, contrary to our first hypothesis, the cover
cropping treatments did not have a significant effect on emission from *N—enriched maize
residues (N20-Nisres) or from soil endogenous N (N20-Nsoi) (Table 4.20). Nitrous oxide
emissions derived from soil were strongly and positively correlated with WFPS (r = 0.99, P <

0.001), and N2O-N1sres emissions were correlated with DOC (r = 0.99, P < 0.01) during P1

(Figure 4.20a).
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Figure 4.21. Proportion of N,O emissions derived from **N—enriched maize residues (N2O—Nisres)
and derived from soil endogenous N (N.O—Nsoir) at different simple dates during P1 (between
Y N—enriched maize residues incorporation on mid-November 2020 and maize cash crop fertilization
on 19 July 2021). Different letters denote significant difference between sampling dates in NoO—Nisges
by applying the LSD test at 95% confidence level.
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Table 4.20. Daily N,O emissions (mg N m? d™) derived from *N—enriched maize residues (N2O-N1sres)
and derived from soil N (N2O-Nsoil) during P1 (from maize residue incorporation on 17 November 2020
and until maize fertilization on 19 July 2021) in the different cover crop treatments (bare fallow, F,
vetch, V and barley, B).

N20-N1sres N20-Nsoil
25-Jan F 0.01+£0.01 0.70 £ 0.64
V 0.02+0.01 1.85+1.71
B 0.00+0.00 0.24+£0.15
P value 0.235 0.262
7-May F 0.00+0.00 0.07+£0.03b
V 0.00£0.00 0.01+0.00 a
B 0.01+0.00 0.21+0.08b
P value 0.060 0.011
12-Jun F 0.01+0.00 0.15+0.03
V 0.03+£0.02 0.35+0.17
B 0.02+0.02 0.22+0.19
P value 0.443 0.692
18-Jun F 0.04+0.01 0.61+0.32
V 0.10£0.02 1.63+0.24
B 0.04+0.01 0.61+0.13
P value 0.120 0.106
14-Jul F 0.04+0.02 0.61+0.16
V 0.05+0.02 1.14+£0.24
B 0.03+0.01 0.51+0.11
P value 0.713 0.174

Values are expressed as the mean + standard error. Different letters within columns denote significant
differences (P < 0.05) between cover crop treatments for the different sources of N,O emissions at
the different sampling dates by applying the LSD test.

Data of *N-N.O emissions were only obtained on selected days during the experiment. Data of daily
N,O emissions during the whole experiment are available in Figure 4.19a.

After fertilization (P2), the N2O emissions derived from the different sources (i.e., maize
residues, fertilizer, and soil N) were not affected by the incorporation of the different cover
crops (Table 4.21), contrary to our initial hypothesis. The °N,O analyses also showed that the
contribution of 1>AN and AN fertilizers accounted for 42% to 61% and for 9% to 18% of daily
N2O emissions, respectively, during the first two weeks after fertilization. At the highest
emission peak (July 28), fertilizer and soil contributed on average by 71% and 27% to N.O
emissions, respectively. Regarding maize residues, N2O-Nzsres increased from 1% to 3% of

total NoO emissions at 16 days after fertilization (Figure 4.22). The contribution of endogenous
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soil N to N2O emissions during the first two weeks after fertilization was, on average, 36% of
daily N2O emissions, peaking on September 2 (i.e., 45 days after fertilization). The average

N20 EFs from NH4NO:3 fertilizer and maize residues were 0.3% and 0.06%, respectively.

Daily N,O emission flux (mg N m? d1)
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Figure 4.22. Proportion of daily N,O emissions derived from **NH;NOjs fertilizer (N2O—Nisa), from
NH4NO; fertilizer (N2O—Nasn), from *N—enriched maize residues (N2O—Nisres) and derived from
soil endogenous N (N2O—Nsil) during P2 (i.e., after maize fertilization on 19 July 2021). Different
letters denote significant difference between N>O sources in the different sampling dates by applying
the LSD test at 95% confidence level (n = 9). Data above bars indicate the average daily N,O
emission flux in each sampling date (n = 9).
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Table 4.21. Daily N,O emissions (mg N m? d™) after maize fertilization (Period 2 of the experiment)
derived from *N—enriched maize residues (N2O-Nisges), derived from **NH4NO; fertilizer (N2O-Nisan),
from NH,®NOj fertilizer (N2O-Naisn) and derived from soil N (N2O-Nsoi) in the different cover crop
treatments (bare fallow, F, vetch, V and barley, B).

N20-N1sres N20-N1san N20-Na1sn N20-Nsoil
20-Jul F 0.24 +0.07 0.05+0.02 0.15+0.08
\Y/ 0.26 £0.10 0.10+0.03 0.45+0.09
B 0.40+0.16 0.31+0.24 0.37+£0.16
P value 0.182 0.291 0.284
21-Jul F 0.06 +0.02 3.23+1.23 1.15+£0.39 0.88 +0.31
V 0.05+0.01 4.87+£1.61 1.44 +0.58 1.00+£0.46
B 0.04+0.02 2.82+£0.88 0.72+0.26 1.12+£0.42
P value 0.482 0.059 0.109 0.912
23-Jul F 0.35+0.14 0.05+0.01 0.20+£0.02
V 0.67+0.14 0.13+0.04 0.42+0.16
B 0.58 +0.03 0.10+0.01 0.50+0.11
P value 0.287 0.178 0.185
26-Jul F 0.23+0.07 0.03+0.01a 0.16 £ 0.03
\Y/ 0.28+0.10 0.07+0.00b 0.22+0.10
B 0.37 £ 0.04 0.08+0.02b 0.28 +0.03
P value 0.123 0.037 0.423
28-Jul F 0.24+0.04 6.16 £ 2.76 1.84 £0.50 3.92+0.83
V 0.18+0.08 5.40+3.10 2.55+2.08 2.34+£1.09
B 0.15+0.02 3.37+£0.44 1.21+£0.30 1.46 £0.20
P value 0.482 0.724 0.852 0.129
30-Jul F 0.24+0.11 0.05+0.01 0.29+0.20
\ 0.24+0.13 0.06 + 0.04 0.18 +£0.05
B 0.39+0.08 0.05+0.01 0.25+0.09
P value 0.629 0.788 0.769
4-Aug F 0.09+0.03 1.25+0.14 0.26 + 0.09 0.99 + 0.66
V 0.09+£0.03 1.43+0.84 1.00£0.75 1.68+£0.83
B 0.05+0.02 0.81+0.33 0.25+0.11 0.97 £0.32
P value 0.155 0.553 0.497 0.409
11-Aug F 0.11+0.04 0.22 £0.06 0.61+0.05 1.02+0.27
V 0.07£0.03 0.25+0.03 0.59+0.31 0.91+0.49
B 0.06 +0.02 0.31+0.04 0.25+0.06 1.06£0.31
P value 0.298 0.344 0.132 0.909
2-Sep F 0.17+0.06 0.39+0.31 0.16 +0.16 2.30+£0.78
V 0.18£0.09 0.50 + 0.44 0.18+0.16 3.13+1.77
B 0.06 +0.00 0.29 +0.08 0.02+0.01 1.66 +0.41
P value 0.274 0.784 0.737 0.739

Values are expressed as the mean + standard error. Different letters within columns denote significant
differences (P < 0.05) between cover crop treatments for the different sources of N2O emissions at the
different sampling dates by applying the LSD test.

Data of ®N-N,O emissions were only obtained on selected days during the experiment. Data of daily
N>O emissions during the whole experiment are available in Figure 4.19a.
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4.3.4. Nitrogen recovery in plant (cover crop and maize cash crop)

4.3.4.1. Nitrogen recovery in cover crops

No differences were reported regarding aboveground cover crop biomass yield (average 3.11
Mg dry weight ha') and C content (average 40.7%) between V and B (Table 4.22). The
percentage of N and the total plant N in the aboveground biomass of cover crops were 2.4 and
2.1 times higher in V compared with B (P < 0.05), and 3.2 and 3.1 times higher in the
belowground biomass. No differences were reported in the N uptake from °RES despite the

15N enrichment being higher in B compared to V (P < 0.05, Table 4.22).
4.3.4.2. Nitrogen recovery in maize

The average maize N uptake at harvest was 76, 153, and 16 kg N ha! in stover, grain, and root,
respectively, with no significant differences between cover crop treatments, as also found for
yield and plant N concentrations (Table 4.23). The average ®N content in all maize tissues in
the RES treatment was lower than in those receiving *N—enriched fertilizer, being higher in
A®N compared to AN (i.e., by 69%, 68%, and 61% higher in stover, grain, and root,
respectively) (Table 4.24). A 7.7% N recovery was obtained from the 1°N-maize residues in the
subsequent maize crop, without significant differences between cover crop treatments (Figure

4.23).
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Table 4.22. Aboveground and belowground cover crop production (Mg DW ha™), C and N content (%), total N (kg N ha*), atom **N % and N derived from

the *N-enriched maize residue (Nisres) and from endogenous soil N (Nseir) (kg N ha®) in the vetch and barley cover crops.

Aboveground biomass

Production N content Total N N Nisres Nsoil C content
Cover crop (Mg DW ha'h) (%) (kg N ha'}) (%) (kg N ha) (kg N ha) (%)
Vetch 2904 3.69+£0.04b 106 + 14 042+0.01a 0.79+£0.04 105+ 14 41.3+£05
Barley 34+£06 152+0.05a 51+7 0.49+£0.02b 0.89+0.11 507 41.1+0.3
P value 0.530 0.001 0.083 0.045 0.393 0.082 0.460
Belowground biomass

Production N content Total N N Nisres Nsoil
Cover crop (Mg DW ha-1) (%) (kg N ha®) (%) (kg N hah) (kg N ha®)
Vetch 1.1+£0.0 2.03+£0.03b 21.4+£03b 0.44+0.00 a 0.25+0.01 21.1+03b
Barley 1.1+0.0 0.64+0.06a 6.8+£0.7a 0.65+0.03b 0.28 £ 0.02 6.5+£03a
P value ! 0.002 0.001 0.024 0.430 0.001

Values are expressed as the mean + standard error (n = 3). Different letters denote significant differences between cover crops by applying the LSD test at

a 95% confidence level.

! The belowground biomass production was obtained from the study by Hu et al. (2018).
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Table 4.23. Maize yield (Mg ha™), N content (%) and N uptake (kg N ha™) in the different plant tissues (stover, grain and root) in the different cover crop

treatments (bare fallow, F, Vetch, V and barley, B).

Maize yield Maize N content Maize N uptake

(Mg ha!) (%) (kg N ha)
Cover crop treatment Stover Grain Root Stover Grain Root Stover Grain Root
F 10.1£0.3 105+£0.3 1.96 £ 0.05 0.72 £0.02 1.41£0.02 0.75+0.03 729+3.1 147+3 14.7+0.6
\% 10.0+05 10.3+£0.6 1.93 +£0.06 0.71 £ 0.04 1.42 £0.02 0.78 £ 0.03 71.5+£59 145+3 150+£2.0
B 11.7+09 115+16 2.22+0.16 0.70 £ 0.02 1.43£0.02 0.81+0.03 83.4+6.8 165+ 10 179+14
P value 0.361 0.248 0.922 0.807 0.742 0.146 0.425 0.202 0.100

Values are expressed as the mean + standard error (n = 9). Different letters denote significant differences between treatments by applying the LSD test at a

95% confidence level
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Table 4.24. Maize >N content (%) in the different plant tissues (stover, grain and roots) in the different
cover crop treatments (bare fallow, F, vetch, V and barley, B), in the different *°N fertilizer treatments
(*N—enriched maize residues, *°RES, ’NHsNO; fertilizer, *>AN and NH,°NO;s fertilizer, A™N) and in
the different combination of the cover crops and fertilizer treatments.

Maize N content (atom % °N)

Cover crop treatment Stover Grain Root

F 1.83 £0.36 1.99 +£0.42 2.16+0.42
V 2.02+0.43 2.25+0.50 222 +0.46
B 242+0.52 2.53+0.54 2.78 £0.60
P value 0.100 0.423 0.796

5N fertilizer treatment Stover Grain Root

RES 057+0.01a 0.55+0.01a 0.66 £0.02a
AN 2.12+£0.12b 2.32+0.13b 250+£0.17b
AN 3.58+0.16¢c 3.89+0.15¢c 4,01%£0.20c
P value 0.000 0.000 0.000
CCx5N Stover Grain Root
Fx°RES 057+001a 0.56 £ 0.02 a 0.67+0.02a
Fx!>AN 1.86+0.02b 2.00+£0.01b 2.34+£0.05b
FxABN 3.07+0.01d 3.40+0.01d 3.48 £0.03 cd
VxRES 057+0.05a 0.58 £ 0.08 a 0.71+0.26 a
VxAN 1.90+0.04b 2.16+£0.06b 2.07+£0.10b
VxABN 355+0.14¢ 4.02+0.07e 3.88+0.15de
BxRES 0.57+0.08 a 0.52+0.24a 059+0.26 a
BxAN 2.56+0.06c 2.79+0.14c 3.08+0.10c
BxABN 413+0.16f 4.25+0.06e 4.67+0.18e
P value 0.003 0.003 0.015

Values are expressed as the mean + standard error (n = 9 for the different cover crop and **N

fertilizer treatment; n = 3 for the different CCx**N combination). Different letters denote significant
differences between treatments by applying the LSD test at a 95% confidence level.

The average N uptake from fertilizer (plant_Nrer) at maize harvest was 19.3, 43.1, and 4.7 kg
N ha-! in stover, grain, and root, respectively (Table 4.25). The plant N uptake derived from the
AN fertilizer (46.4 kg N ha!) was 2.3 times higher than that derived from the AN fertilizer
(average 20.6 kg N ha™) (Table 4.25). Barley cover crops increased the plant_Nisan in grain

(by 39% and 33% compared to F and V, respectively, P < 0.05) and in root (by 31% and 55%
compared to F and V, respectively, 0.05 < P <0.10). Furthermore, B significantly increased the

stover_Naisn and the root_Naisn compared to F (by 94% and 76%, respectively) and V (by

156



CHAPTER 4: RESULTS AND DISCUSSION — Experiment 3

70% and 34%, respectively) (Table 4.25). Consequently, the percentage of plant N recovery
from the fertilizer was higher in B (42%) than in F (26%), with V showing intermediate results

(30%) (Figure 4.24).
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Figure 4.23. Nitrogen recovery in maize plants at harvest from the *N—enriched maize residues
(Plant_NRsgres) in the different cover crop treatments (bare fallow, F, vetch, V, and barley, B). No
significant differences between treatments were obtained when applying the LSD test at 95%
confidence level. Vertical bars denote the standard error of the mean (n=3).
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Figure 4.24. Nitrogen recovery from the NH4NOs fertilizer in maize plants at harvest (Plant_NRyer, %)
and in soil at the end of the experiment (Soil_NRrer, %) in the different cover crop treatments (bare
fallow, F, vetch, V, and barley, B). Different lowercase letters denote significant differences between
cover crop treatments in plant or soil NRr. (*) Denotes significant differences in the N recovery
between plant (Plant_NRyr) and soil (Soil_NR) in each cover crop treatment (F, V or B). Statistical
differences were obtained applying the LSD test at 95% confidence level. Vertical bars denote the
standard error of the mean (n = 9).
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Table 4.25. Nitrogen derived from *N-enriched maize residues (Nisres), derived from *NH;NO;
fertilizer (Nisan), derived from NH,NO; fertilizer (Naisn) and derived from endogenous soil N (Nsoil) in
the different maize tissues (stover, grain and root) and in total maize plant in the different cover crop
treatments (bare fallow, vetch, and barley). Data are expressed in kg N ha™.

Cover crop treatment

Stover Fallow Vetch Barley
Nisres 255012 A 2.13+0.08 A 291+0.32A 0.157
N1san 485+0.01B 575+150B 6.04+0.59B 0.725
Naisn 10.1+15Ca 116+11Ca 196+x17Ch 0.022
Nsoil 554+16D 52.1+36D 549+45D 0.826
0.000 0.000 0.000 P value
Grain Fallow Vetch Barley
N1sres 440+ 021 A 473+021 A 435+0.03A 0.202
Nisan 11.8+0.2Ba 123+£12Ba 164+ 12BDb 0.014
Naisn 23.5+£3.1C 28.1£09C 372+36C 0.104
Nsoil 1083 D 1002 D 1076 D 0.423
0.000 0.000 0.000 P value
Root Fallow Vetch Barley
Nisres 0.65+0.01 A 0.69+0.09 A 0.71£0.18A 0.909
Nisan 1.50£0.03B ab 1.27+0.18 Ba 1.97+0.11Bb 0.066
Naisn 229+021Ca 3.02£0.52Ca 4.03+025Chb 0.015
Nisoil 10.3+£0.7D 10.1+13D 11.2+1.6D 0.474
0.000 0.000 0.000 P value
Plant Fallow Vetch Barley
Nisres 759+£032A 755+0.36 A 7.96+0.48 A 0.782
Nisan 18.1+0.2B 193+23B 244+1.78B 0.105
Nasn 359+48Ca 427+21Cab 60.8+5.1Ch 0.054
Nsoil 173+4D 162+7D 173+8D 0.561
0.000 0.000 0.000 P value

Values are expressed as the mean + standard error (n = 3). Different capital letters denote significant
differences between N sources and different lowercase letters denote significant differences between
cover crop treatments by applying the LSD test at 95% confidence level.

4.3.5. Nitrogen recovery in soil

There were no differences between the soil N derived from AN (average 20.5 kg N ha™) and
from AN fertilizer (average 25.5 kg N ha™) (Table 4.26). Considering the whole 0-60 cm

depth, B significantly increased soil_Nisan compared to V (by 84%) and F (by 123%).
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However, there were no differences between treatments in the sum of both soil_Nisan and
soil_Naisn (i.e., Nrert) (Table 4.26), with an average soil N recovery of 22% (Figure 4.24).
Barley was the only treatment that resulted in significant differences between plant_NRfert

(42%) and soil_NRfert (23%).
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Table 4.26. Soil N derived from *NH,NO; fertilizer (soil_Nisan) and from NH,*NO; fertilizer (soil_Nassn) at the three different soil sampling depths (0 — 20
cm, 20 — 40 cm and 40 — 60 cm), considering the whole soil sampling depth (0 — 60 cm) and total soil N derived from the fertilizer (Soil_Nrer) in the 0 — 60 cm
depth in the different cover crop treatments (bare fallow, F, vetch, V and barley, B).

0-20cm 20-40cm 40 -60 cm Total (0-60cm)
Cover crop  Soil_Nisan SOil_Nisan  Soil_Naisn ~ Soil_Nisan Soil_Naisn ~ Soil_Nisan Soil_Naisn Nrert
treatment  (kgNha™)  Soil Naisy (kg N ha™) (kg N ha™) (kg N hat)
F 420+0.74 6.19+£0.74 4.71+2.21 11.8+6.7 4,94 +£2.68 ab 9.52 +3.65 13.8+4.5a 27.5+10.2 41.3+8.9
Vv 10.5+£39 550£1.92 345+088 9.70+£3.66 2.71+0.63a 153+6.0 16.7+£53a 30.5+10.1 47.2+10.2
B 9.63+2.59 6.04+0.72 103+33 429+162 109+3.1b 6.83+0.23 30.8+3.7b 172+14 48.0+2.3
P value 0.287 0.878 0.068 0.621 0.045 0.501 0.009 0.752 0.842

Values are expressed as the mean + standard error (n = 3). Different letters denote significant differences between cover crop treatments by
applying the LSD test at 95% confidence level.
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4.3.6. Discussion

4.3.6.1. Effects of cover crops on N20 and CO; emissions

When total cumulative emissions are considered, vetch cover crop resulted in higher N2O
emissions compared to barley (Figure 4.19c). These results are opposite to those reported in the
meta-analysis by Basche et al. (2014). During P1 (i.e., during their growing phase and after
their incorporation into the soil before maize cash crop fertilization), the decomposition of
N-rich vetch residues may have increased the soil organic N input, together with the NH4*
concentration, thus favoring nitrification processes responsible for N2O emissions. This is
supported by the positive correlation between daily NH4* and N2O emissions during this period
(Figure 4.20a), as well as considering the whole experimental period (Figure 4.20c), and by the
higher soil NO3z~ concentration in VV compared to F and B after maize fertilization (Figure
4.18b). However, during P1, no significant differences in N>O emissions were observed
between bare fallow, barley, and vetch as cover crops. Studies conducted under similar climatic
conditions have reported comparable results (Guardia et al., 2016a). Even though non-legume
cover crops exhibit enhanced soil residual N-acquisition capacity compared to N-fixing
legumes (Fernandez Pulido et al., 2023), our results align with the recent meta-analysis by Y.
Li et al. (2023a), which supports that legume species can self-regulate in terms of N input via
N2 fixation and also develop active soil N uptake (De Notaris et al., 2021). Furthermore, Y. Li
et al. (2023a) reported that N2O emissions could be increased during the cover crop growing
phase due to denitrification being promoted by the increased C supply from rhizodeposition.
The balance between these two contrasting effects of cover crop roots on N2O emissions (i.e.,
a direct mitigating effect by reducing the reactive N pool in the soil, and an indirect emission-
increasing effect by raising soil DOC concentrations) could explain the variable and usually

non-significant effects found during the cover crop growing period (Guardia et al., 2016a; Sanz-
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Cobena et al., 2014a). Moreover, the incorporation of cereal cover crop residues with higher
C:N ratios could increase N2O emissions when rewetting events and N addition create favorable
conditions for denitrification, as previously reported in Experiment 2 of this thesis (see Section

4.2) and by Abalos et al. (2022a).

In accordance with the meta-analysis by Muhammad et al (2019), CO2 emissions increased in
the presence of cover crops when considering the whole experiment (Figure 4.19d). However,
the differences in CO2 emissions were observed only before maize fertilization, including the
cover crops development and their incorporation into the soil. During this period, the vetch
cover crop increased CO> emissions compared to the barley cover crop, with bare fallow
reporting the lowest CO2 emissions fluxes (Figure 4.19d). The increased CO2 emissions
observed with cover crops compared to bare fallow were likely due to enhanced C inputs into
the soil, which increased the availability of C substrates and stimulated microbial activity.
Furthermore, other studies have also reported higher CO2 emissions in legume compared to
non-legume cover crops (Chirinda et al., 2010; Sanz-Cobena et al., 2014a), what could be
related to an increase in soil microbial community abundance and rhizosphere respiration

(Muhammad et al., 2021).
4.3.6.2. Sources of N>O emissions and N>O EF

The chemical characteristics of recalcitrant crop residues such as high C:N ratios and high
cellulose, hemicellulose, and lignin fractions (Abalos et al., 2022b), are related to their slow
biodegradability rates (Jensen et al., 2005; Lashermes et al., 2022). Therefore, it would be
expected that maize residues, which have these characteristics, would have a low contribution
to N2O emissions (Abalos et al., 2022b). This was confirmed by the 95% average N.O
emissions derived from endogenous soil N during the cover cropping period, supporting the

second hypothesis of this study. The contribution of maize stover to N2O during P1 increased
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from 2% to 7% after maize irrigation (Figure 4.21), indicating increased mineralization rates of
the maize stover under higher soil moisture conditions, as supported by the positive correlations
between N2O fluxes with DOC and WFPS. Furthermore, the low but continuously increasing
contribution of RES to N.O emissions was observed after maize fertilization (Figure 4.22),
with higher N2O—Nisres daily fluxes during P2 compared to P1 (Table 4.21 and Table 4.20,
respectively). Ferrari Machado et al. (2021) also reported a low contribution of crop residues

(ranging from 0.3% to 1.3%) to total N2O emissions in a 4-year crop rotation.

Our results align with those previously reported in Experiment 1 of this thesis (see Section
4.1) and by Guardia et al. (2018), where NH4* was identified as the main source of N2O
emissions in N tracing experiments when fertilizing with NHsNO;s; in Mediterranean
agricultural soils. This supports the third hypothesis of this study, suggesting that NH4"-N
oxidation-based processes (nitrification, nitrifier-denitrification, or nitrification coupled with
denitrification) could be relevant pathways leading to N2O emissions. The WFPS values during
this period were ca. 40%, thus being favorable the N>O emissions associated to nitrification
processes (Pilegaard, 2013). Three weeks after fertilization, WFPS values followed a similar
trend (as irrigation was maintained for two months), but N2O fluxes sharply declined, likely
due to the limited availability of soil mineral N (Figure 4.17c,d), and consequently, the reduced
substrates for N transformations that lead to N2O emissions (Garcia-Marco et al., 2014). Our
findings are also in accordance with the recent global meta-analysis by Han et al. (2024), which
reported higher N2O emissions derived from nitrification than from denitrification in cropland

experiments using °*N-labeled fertilizers.

In addition to the fertilizer, the contribution of soil endogenous N (including N mineralized
from cover crop residues) to N2O emissions, as a consequence of the priming effect following

synthetic N addition, should not be underestimated. In the present study, even immediately after
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N fertilizer application, endogenous soil N accounted for ca. 40% of N.O emissions (Figure
4.22). The application of organic amendments, such as cover crop residues, can alter the
magnitude and direction of N2O priming by introducing labile C sources for denitrifiers,
increasing the availability of mineral N substrates, modifying microbial communities (Arcand
and Congreves, 2020; Daly et al., 2024), and increasing soil moisture (Roman-Perez and
Hernandez-Ramirez, 2021). Other studies that applied *°N-labeled fertilizers in calcareous soils
under Mediterranean climates, e.g., Guardia et al. (2018) in irrigated maize, or the results of
Experiment 1 in this thesis in rainfed barley (see Section 4.1) have also reported a significant

contribution of soil endogenous N to N2O emissions.

The N2O EF from synthetic fertilizer under the experimental conditions of the present °N-
tracing experiment (average 0.3%) was lower than the 0.5% default value for synthetic N inputs
in dry climates (IPCC, 2019b) and the average 0.6% EF for irrigated Mediterranean crops
(Cayuela et al., 2017). This experiment was conducted with maize as the cash crop under
sparkling irrigation. If other agricultural practices (such as drip irrigation instead of sprinkler,
the use of Nls, or ISFM) were implemented together with cover cropping, it would be possible
to further reduce N2O EFs in irrigated Mediterranean croplands (Aguilera et al., 2013b; Cayuela
et al., 2017). Regarding maize residues, the average 0.06% N2O EF was also lower than the
0.5% EF default value (IPCC, 2019b), but closer to the values reported for maize residues by
Machado et al. (2021) and Ferrari Machado et al. (2021) (0.011 — 0.017% and 0.003 — 0.016%,
respectively), for oilseed rape residues by Kesenheimer et al. (2019) (0.03 — 0.06%), and for
cowpea residues by Gomes et al. (2019) (0.013 — 0.015%). Therefore, N2O emissions could be
notably overestimated if the 0.5% EF default value is applied, rather than considering the
specific biochemical properties of the residues (i.e., C:N ratio, easily degradable fractions)
which are in turn related to their maturity and potential for effective mineralization (Abalos et

al., 2022b).
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4.3.6.3. N recovery from maize residues and from fertilizer

The slow degradation and mineralization of recalcitrant maize residues resulted in most of the
N that was incorporated in the cover crop biomass was derived from sources other than maize
residues, such as endogenous soil N or biological N fixation (Table 4.22). Despite the total N
in vetch biomass was higher than in barley, the >N content derived from ®N—enriched maize
residues was higher in the non-legume cover crop compared to the legume. This may be due to
the biological N fixation capacity of legumes, which decreases their potential for soil N uptake
(De Notaris et al., 2020). Opposite to legume, non-legume cover crops need to acquire soil N
during their development, what can be beneficial for reducing the risk of N losses via leaching
(Thapaetal., 2018). The results of the present experiment support this dynamic. First, soil NO3~
concentrations during P1 in the barley microplots were lower compared to those in fallow or
vetch (Figure 4.18b), confirming the higher soil N acquisition potential of non-legume cover
crops compared to legumes. Furthermore, the proportion of N derived from *°N-enriched maize
residues was 2.3 times higher in B compared to V (Table 4.22). By implementing cover crop
mixtures, it is possible to balance the benefits of the biological N fixation by legumes and N
transfer to non-legumes, while enhancing soil N uptake from cereal cover crops through

improved root traits (Rodriguez et al., 2020).

In the present experiment, the different cover cropping treatments (fallow, vetch, and barley)
had no significant effect on N recovery in maize plants from the preceding maize residues. To
date, no data are available regarding the effect of cover cropping on N recovery from mature
crop residues in the subsequent cash crops. The average 7.7% plant_NRisres is within the range
reported by other studies. Mubarak et al. (2003) observed a 9% N recovery in groundnut,
followed by a 2% N recovery in maize after maize residue recycling. Similarly, Ding et al.

(2019) reported a 9.2% N recovery from maize residues in wheat in a pot experiment, while
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Taveira et al. (2020) reported a N recovery from aboveground and belowground biomass corn
residue-N by 9.7% — 13.5% in soybean seed, highlighting the higher contribution of
belowground biomass crop residues to N recovery in subsequent crops. In the present study, N
recovery from maize residues was calculated considering only the aboveground crop residues.
Thus, a higher N recovery would be expected if the belowground biomass was considered
(Farzadfar and Congreves, 2022). Moreover, the relatively low N recovery from recalcitrant
maize residues can be attributed to the greater availability of alternative N sources, such as
synthetic fertilizer applied to maize and N from less mature cover crop residues. When cover
crops are incorporated into the soil as green manure, they are more easily decomposed and
mineralized by soil microorganisms, providing readily available nitrogen for the following cash

crop (Liang et al., 2022).

The average 33 + 3% plant N recovery from synthetic fertilizer reported in this experiment
(Figure 4.24) was higher than the 17% reported by Taveira et al. (2020) and the 21% reported
by Mubarak et al. (2003) in maize plants. Before maize fertilization, soil NOs™ concentrations
were lower in microplots where barley was grown (Figure 4.17d and Figure 4.18b). This was
likely due to the higher N uptake by barley during its development, as well as the
immobilization of mineral N promoted following the incorporation of the high C:N ratio barley
residues (Chen et al., 2014; McSwiney et al., 2010). The limited availability of soil NO3™ in the
early development stages of maize grown after the barley cover crop caused an enhanced
response of maize crop when synthetic fertilizer is applied, resulting in higher plant N recovery
with barley cover crop compared to bare fallow (Figure 4.24). Additionally, the immobilization
of soil mineral N by the barley cover crop could have temporarily reduced NOs™ leaching after
maize fertilization, thus resulting in enhanced NOs™ uptake form the fertilizer (Meng et al.,
2021). Contrary to these results, Gabriel and Quemada (2011) reported no differences in N

recovery in maize regardless cover cropping treatment.
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The average 22% soil N recovery from the fertilizer (Figure 4.24) was consistent with the values
reported by Taveira et al. (2020) with maize at a 0-45 cm soil depth (17% - 29%). However,
these recoveries were lower than those observed in rainfed crops, such as the 29% - 50% N
recovery in barley reported in Experiment 1 of this thesis (see Section 4.1) or the 29% in wheat
reported by H. Li et al. (2023). This discrepancy could be attributed to the lower N leaching
losses typically observed in rainfed systems compared to irrigated cropping systems. The soil
N content derived from the °AN fertilizer (but not A™N) was higher in B compared to F and
V (Table 4.26). This could be related to an increase of NH4* adsorption into soil colloids, which
may have been further enhanced by the incorporation of high C:N ratio barley residues.
Moreover, as discussed earlier, maize exhibits a preference for NO3~ over NH4*, which could

explain the observed differences in soil N retention across cover crop treatments.

Considering the fertilizer N recovery in both plant and in soil (average 55%) and the 0.3% of
fertilizer N lost via NoO emissions, approximately 45% of the applied N at fertilization
remained unaccounted for. In addition to the loss of N oxides with low quantitative impact (Liu
et al., 2017), the primary ‘holes in the pipe’ under the conditions of this study likely include
NH3 volatilization, NOs~ leaching, and N2 emissions via denitrification (Sutton et al., 2013;
Ussiri and Lal, 2013). Globally, N2 losses account for an average 5% of N applied but exhibit
substantial variability (Pan et al., 2022). For instance, Guardia et al. (2018) reported significant
N2 emissions in irrigated maize (9.6 to 11.7 kg N ha™* within 13 days after fertilization), despite
the higher contribution of NH4" oxidation processes leading to N2O emissions compared to
denitrification. The review by Pan et al. (2016) indicated that, on average, 13% of synthetic
fertilizer N is lost through NHs volatilization in Europe, with residue retention increasing this
lost by 25.5% (when N is applied as urea). Although urea and manure applications are the
primary sources of NHs volatilization (Sanz-Cobena et al., 2014a), substantial NHsz losses from

NH4NO3 can also occur in calcareous soils, such as those in the present study —particularly

167



Sandra Garcia Gutiérrez

when fertilizers are not immediately incorporated by irrigation— (Recio et al., 2018).
Additionally, NO3s~ leaching represents a potentially major N loss pathway, particularly under
humid conditions or in semiarid agroecosystems where irrigation and fertilizer applications are
not precisely aligned with crop demand (Quemada et al., 2013). The use of cover crops is an
effective strategy to mitigate these losses during the postharvest period (Gabriel et al., 2013;
Thapa et al., 2018). Our results evidence the critical need to identify site-specific N loss
pathways, thereby optimizing fertilizer efficiency to minimize N surpluses and associated

environmental risks (Galloway et al., 2003; Lassaletta et al., 2014).
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4.4. Experiment 4 - Fate of mineral N fertilizer and processes

involved in N20O emissions in a pre-alpine grassland

4.4.1. Environmental conditions

The average air temperature during the experimental period was 18.8 °C, with an average daily
amplitude of 14.4 °C. The lowest average air and soil temperatures (10.9 °C and 16.5 °C,
respectively) and the highest soil volumetric water content (42.3 %) were reported after a period
of intense rainfall, which coincided with the second fertilizer application (Figure 4.25). Total
cumulative precipitation was 147 mm (227 mm considering the irrigation events) and was
concentrated mainly in the second week of the experiment, reaching a daily precipitation of 50

mm on 28 August (i.e., 14 days after 1% fertilizer application) (Figure 4.25).
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Figure 4.25. Daily precipitation (Pp), irrigation, average air temperature, average soil temperature at
10 cm depth and average soil volumetric water content (VWC). The reddish area corresponds to the
daily air thermal amplitude. The green arrow denotes the date of the second fertilizer application (29
August 2023).
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4.4.2. Soil mineral N and WFPS

The WFPS ranged from 64% to 80% throughout the experimental period (Figure 4.26), with
the highest value reported the day before the second fertilizer application, following several
days of intense precipitation (Figure 4.25). Baseline soil NH4" and NO3™ concentrations were
2.8 mg N kg tand 7.9 mg N kg2, respectively. Soil NOs~ concentrations increased to 47.1 mg
N kg tand 61.0 mg N kg* (44.5 and 57.6 kg N ha™?) two days after the first and second fertilizer
applications, respectively. However, soil NH4" concentrations remained stable (< 7.8 mg N kg
Lor 7.4 kg N ha™?) throughout the experimental period (Figure 4.26) despite the addition of 40

kg N-NH." ha™t in both fertilization events.
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Figure 4.26. Daily soil NHs" and NO3s~ concentrations and WFPS. The green arrows denote the two
fertilization events (14 and 29 August 2023). The blue arrows denote the two irrigation events (22
August and 4 September 2023). Vertical lines correspond with the standard error of the mean (n = 6).

4.4.3. COz and CH4 fluxes

The average daily CO- emission flux (29.7 kg C ha* d-1, Figure 4.27a) was in the order of the
background fluxes (38 kg C ha* d-1). The lowest CO; fluxes were reported in the middle of the

experiment, coinciding with a decrease in temperature (Figure 4.25). In fact, daily CO: fluxes
were strongly correlated with both air temperature (P < 0.001; r = 0.70) and soil temperature

(P < 0.05; r = 0.66) (Figure 4.33). Daily CH4 fluxes ranged from —0.98 to —5.31 g C ha™* d!
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(Figure 4.27b), remaining similar to background fluxes (—3.99 g C ha™* d-). Daily CH4 fluxes
were negatively correlated with air temperature (P < 0.05; r = —0.53) and positively correlated
with soil VWC (P < 0.01; r = 0.62) (Figure 4.33). At the end of the experiment, cumulative

CO; and CH4 fluxes were 862 + 22 kg C ha* and —87.2 + 9.0 g C ha™?, respectively.
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Figure 4.27. Daily CO; (a) and CH, (b) emission fluxes. The green arrow denotes the date of the
second fertilizer application (29 August 2023). The blue arrows denote the two irrigation events (22
August and 4 September 2023). Vertical lines correspond with the standard error of the mean (n = 6).

4.4.4. N>O and N2 emissions

The basal N2O flux measured during the three weeks preceding the first fertilizer application
was 1.52 g N hat d? (data not shown). The highest N2O emission fluxes were reported
immediately after the first fertilizer application (175 g N ha* d*) and the day following the
second fertilization (25.7 g N ha™t d™%) (Figure 4.28). Between fertilization events, N2O fluxes
remained below 20 g N ha d™1. On average, daily N2O emissions derived from the KNO3
fertilizer (N2O-Nrert) accounted for 17.2 % of total N2O emissions (Figure 4.28), contributing

to 27.5% of cumulative N2O emissions over the experimental period (Table 4.27).
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Figure 4.28. Daily total N,O emission fluxes (Total N,O) and daily N-O emission fluxes derived from
the KNOs fertilizer (N2O—Nrert). The green arrow denotes the date of the second fertilizer application
(29 August 2023). The blue arrows denote the two irrigation events (22 August and 4 September
2023). Vertical lines correspond with the standard error of the mean (n = 6).

Nitrification was the major contributor to N2O emissions on most days (Figure 4.29). However,
the days with the highest N2O emission fluxes —specifically, the day of the first fertilization and
the day following the second fertilization— N2Og exceeded N2O, (Figure 4.29). Consequently,
by the end of the experiment, denitrification accounted for 62% of the total cumulative N>O

emissions (Table 4.27).

Table 4.27. Total N fertilization rate via KNO3 (98% atom **N). Cumulative total N,O emissions and
N.O emissions derived from the fertilizer (N2O—Nrr), derived from denitrification (N2Og) and derived
from nitrification (N20n). Cumulative total N, emissions and N2 emissions derived from the fertilizer
(N2—Nrert). Denitrification ratios (N2O/(N2Og+N2) and N2Og/(N204+N3)).

Total KNO; fertilizer addition (kg N ha) 80

Total N2O (g N ha?) 320+ 49
N2O-Nrert (g N ha‘l) 87.9+16.7
N,Oq (g N ha'%) 198 + 39
N,Ox (g N ha'®) 122 12
Total N2 (kg N hat) 2.15+0.67
N> Nrert (kg N ha't) 1.15+0.33
N,O/(N,O+N) (%) 16 +3
N20Od/(N204+N>) (%) 10+1

Data are expressed as the mean (n = 6) + standard error
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Figure 4.29. Daily N>O emission fluxes derived from denitrification and nitrification processes (N2Oq

and N,On, respectively). The green arrow denotes the second fertilizer application event (29 August

2023). The blue arrows denote the two irrigation events (22 August and 4 September 2023). Vertical
lines correspond with the standard error of the mean (n = 6).

The N20 emissions (including total N2O, N2O from K®®NOs fertilizer, N2Og, and N2On) were
positively corelated with soil NO3z™ concentration, with correlations coefficients ranging from

0.84 to 0.87 (P < 0.05) (Figure 4.33).

Regarding N2 emissions, the highest fluxes were reported coinciding with both fertilizer
applications (168 g N ha* dtand 137 g N ha* d! after the first and second fertilization,
respectively) and with the second irrigation event (455 g N ha™* d2) as shown in Figure 4.30.
On average, 55% of the daily N, emissions were derived from the K*NOs fertilizer (Figure
4.30). Thus, at the end of the experiment, N> emissions from the fertilizer accounted for 53%
of total N2 emissions (Table 4.27). Cumulative N2 emissions derived from the fertilizer were

13 times higher than N2O emissions from fertilizer (Table 4.27).
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Figure 4.30. Daily total N, emission fluxes (Total N2) and daily N, emission fluxes derived from the

KNO:3 fertilizer (N2—Nrert). The green arrow denotes the date of the second fertilizer application (29

August 2023). The blue arrows denote the two irrigation events (22 August and 4 September 2023).
Vertical lines correspond with the standard error of the mean (n = 6).

The average (N204¢/(N2Og+N2)) ratio was 0.10 (Table 4.27), reaching values of 0.45 and 0.20

after the first and second fertilization events, respectively (Figure 4.31).
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Figure 4.31. Daily N.O4/(N.Og+N) ratio. The green arrow denotes the date of the second fertilizer
application (29 August 2023). The blue arrows denote the two irrigation events (22 August and 4
September 2023). The blueish area corresponds with the standard error of the mean (n = 6).
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4.4.5. Fertilizer N recovery

At the end of the experiment, 28.5 + 1.1% of the N in AGB was derived from the K®NO3;
fertilizer (Table 4.28). Although BGB yield was more than twice that of AGB, and that total N
uptake was similar in both parts of the plants, fertilizer-derived N accounted for only 9.0 + 1.1%
of the N in BGB. This was because of the lower N and °N concentrations in BGB compared to
AGB (Table 4.28). Given the low contribution of fertilizer-derived N to total plant N, total N
recovery in plant was 37.2 £ 3.6%, while more than 50% of the fertilizer N was recovered in
the soil (Figure 4.32), primarily within the top 15 cm layer. The measured N losses (N20, Nz,
and mineral N leaching) represented less than 2% of the total N applied, with N2 being the
dominant loss pathway. Thus, 7.4 + 1.6% of the N applied via °N-labeled fertilizer remained

unaccounted for.

Table 4.28. Yield, total N uptake, N uptake derived from the K*®NO; fertilizer (plant_Nfert), N content
and *°N enrichment in aboveground biomass (AGB) and belowground biomass (BGB).

Yield (D.W.) Total Nuptake Plant_Nfx N content N

(tha?) (kg N ha?) (kgNhal) (%) (atom % excess)
AGB 1.8+0.1 80.7x4.0 23.0x14 4701 282x1.1
BGB (0-5cm) 2903 469+7.6 40x14 1602 7.7x13
(5-15cm) 2.0£0.9 225+£7.3 28+10 14+£02 119zx12
(0-15cm) 49+1.0 69.4 £10.0 6.8+1.7

Data are expressed as the mean (n = 6) + S.E.
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Figure 4.32. N recovery (%) from the KNOs fertilizer. Data in the colored bars correspond with the %
of N recovery in the different N fates (N-O and N emissions, aboveground biomass (AGB),
belowground biomass (BGB), soil at the different depths, and mineral N leaching). Vertical lines
denote the standard error of the mean (n = 6, except for mineral N leaching, where n = 3).
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Figure 4.33. Pearson correlation coefficients for the daily air and soil (at 10 cm depth) temperature,
daily soil properties (VWC, WFPS, NH." and NOs"), daily total N,O, N», CO, and CH,4 emissions,
daily N,O and N, emissions derived from the K**NOs fertilizer (N2O-Nrert and No-Nrert, respectively),
and the daily denitrification ratio (N.Od/(N2Od+Ny)). Significance levels are represented by * (P <
0.05), ** (P < 0.01) and *** (P < 0.001).
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4.4.6. Discussion

4.4.6.1. N2 and N2O emissions in fertilized pre-alpine grasslands

This is one of the few experiments that provide information regarding direct N2 emissions from
1>N-labeled fertilizer in pre-alpine grasslands (e.g., Dannenmann et al., 2024). Other studies
have measured the N losses in grasslands in Northern Ireland using the *NGF method
(McGeough et al., 2012) or mountain grasslands soils using the Helium/Oxygen core method
(Zistl-Schlingmann et al., 2019). In this experiment, after the application of 80 kg N ha™! as
K1NOj3 together with 80 kg N hat as (NH4).SOx4 split in two applications, total measured N
emissions accounted for 2.1 + 0.7 kg N ha™*, with 1.1 + 0.3 kg N ha* derived from the applied
1>N-labeled fertilizer (Table 4.27). This indicates that nearly half of the N2 emissions were
derived from sources other than °N—labeled KNOs (i.e., from endogenous soil mineral N or
from the (NH4)2SO4 fertilizer). Our measured N emissions were lower than expected,
considering the results by Dannenmann et al. (2024) under similar environmental conditions
and also similar soil properties to those in the herein experiment (i.e., pre-alpine grassland in
southern Germany with high-C and high-N soil content). Dannenmann et al. (2024) reported
total N2 emissions of approximately 3.8 kg N ha™, with a higher proportion derived from the
fertilizer (3.0 kg N ha™*) one month after the application of 97.2 kg N ha* of °N-labeled slurry
to intact soil-plant mesocosms. Furthermore, Yankelzon et al. (2024) reported 10 kg N2-Nfert
losses one month after the application of 55 kg N ha* as double-labeled **NH4**NOs in a wheat
experiment conducted in the same region, but in a cropland soil with lower SOC content. In the
latter study, fertilizer-derived N2 emissions represented 62% of total N> losses. Considering the
results of the present study together with the studies mentioned above, the addition of unlabeled
NH,4" from fertilizers (both synthetic and organic manures) may have stimulated high microbial

NH.* oxidation, leading to denitrification of easily nitrified NH4". This is supported by the low
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soil NH4" concentrations observed in this study, even two days after both fertilization events
(Figure 4.26), and is also in accordance with Dannenmann et al. (2024), who reported a rapid
decline in soil NH4* to basal levels together with an increase in NOs™ three days after slurry
fertilization. Buchen et al. (2018) suggested the relevant impact of nitrifier denitrification
and/or denitrification coupled with nitrification processes in grassland soils, based on the
application of isotopocule methods. This is also supported by the high contribution (> 70%) of
sources others than the **N-labeled KNOs to N2O emissions during this experiment (Figure
4.28), and because N.O, represented more than one-third of total N2O emissions (Figure 4.29
and Table 4.27). Furthermore, the higher N>O/(N2O+N.) ratio compared to the

N204/(N20g+Ny>) ratio (Table 4.27), also supports the contribution of nitrification processes.

The high WFPS values reported throughout experiment (64% — 80%) and the high soil NO3™
concentrations after fertilization (Figure 4.26) may have favored denitrification conditions
(Pilegaard, 2013). However, the measured total denitrification losses (i.e., N2Oq4 + N2) (Figure
4.32,Table 4.27) were lower than the 4.8% denitrification losses reported for grasslands in the
global synthesis by Pan et al. (2022). This discrepancy may be particularly relevant because
Pan et al. (2022) included a large number of acetylene-inhibition-based studies, which would
systematically underestimate denitrification (Scheer et al., 2020). Dannenmann et al. (2024)
also reported low denitrification losses (around 3.1% as N2-Nrert), and the authors explained it
because of a lack of easily available soil C essential for denitrification when measuring the soil
DOC content. Furthermore, McGeough et al. (2012) observed higher N2 fluxes in two of their

seven experimental periods when cattle slurry —a source of labile C—was combined with NO3~
compared to the application of NOs~ with an inorganic NH4" source. They also noted that the

easily mineralizable C in the cattle slurry promoted N.O emissions derived from NOs™. It is
important to note that the > NGF method, used in the present study, only provides information

about denitrification surface fluxes, without considering the storage and subsoil fluxes what
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could lead to an underestimation of denitrification fluxes by 28% to 71% (Micucci et al., 2023;
Well et al., 2019). This means that closing the chamber results in a rising concentration of *°N-
labeled molecules within the chamber headspace, causing surface flux to decrease over time
while subsoil and storage fluxes increase (Micucci et al., 2023). Thus, the true N2 losses may
be higher than those reported in the present experiment due to the inherent underestimation

associated with the °NGF method.

The low N204/(N20g¢+Ny) ratio reported when considering the cumulative N2Og and N2 fluxes
at the end of the experiment (0.10, Table 4.27) suggests that N2> emissions dominated the end-
products of denitrification. This ratio was lower than the mean 0.37 N2O/(N2O+N>) ratio
reported by Pan et al. (2022) for grasslands. Furthermore, the N2O4/(N20Og+N3) ratio decreased
as soil NOs~ concentration decreased, with the highest N2Od/(N20O4+N2) values reported
immediately after N fertilization (Figure 4.31). This pattern suggests that the high soil mineral
N levels could limit the ability of soil microorganisms to completely denitrify soil NO3™. This
aligns with general denitrification ecology, where high NO3~availability as an electron acceptor
reduces the use of N2O as an alternative electron acceptor (Butterbach-Bahl et al., 2013). In
agreement, McGeough et al. (2012) reported higher N2O fluxes and N2O/(N2O+N>) ratios when
cattle slurry was combined with NOs~ compared to the application of NOs~ and an inorganic

NH4* source.
4.4.6.2. N balance

The 37.2% N recovery in plants reported in this experiment was higher than that reported by
Zistl-Schlingmann et al. (2020a) (average recovery of 16% under intensive management) or
lower than values observed by Dannenmann et al. (2024) and Schreiber et al. (2023) in similar
grassland experiments (49% and 42%-47.5%, respectively). The plant N recovery in the present

experiment may have been underestimated, as half of the fertilizer was applied in the second
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fertilization, i.e., only 2 weeks before plant harvesting. The contribution of fertilizer N to AGB
N (28%, Table 4.28) suggests that plants incorporated N from sources other than the KNO3
fertilizer, such as NH4*—N from (NH.).SO4 fertilizer, atmospheric N deposition or biological
N fixation. The contribution of the fertilizer to the AGB was similar to the 30% reported by
Dannenmann et al. (2024). However, opposed to the last study, the present experiment included

the application of unlabeled fertilizer alongside *°®N-labeled KNOs, which may have reduced

the plant N recovery from the *N-labeled fertilizer.

The total soil N recovery from KNOs fertilizer (53.5%) was slightly higher than the 39%
reported by Yankelzon et al. (2024) approximately 40 days after applying NHsNO3 as fertilizer.
However, the recovery was double than those reported by Schreiber et al. (2023) 78 days after
fertilizer application and by Dannenmann et al. (2024) one month after fertilizer application,
both using NH." and *N-urea-labeled cattle slurry. Furthermore, most of the recovered soil
N was found in the 5-15 cm and 15-40 cm layers, with only 10.7% recovered in the top 5 cm.
These results contrast with those of Dannenmann et al. (2024), who found most soil N recovered
in the 0-4 cm depth layer. These could be related to a relatively large irrigation together with
the intense rainfall between the two fertilization events, that could have promoted N mobility
to deeper soil layers. However, mineral N leaching losses accounted for only 0.3% of the
applied KNOs. Other studies in the same area have also reported low N leaching losses (i.e.,
0.02% by Yankelzon et al. (2024) and 0.2% by Dannenmann et al. (2024)). Thus, the high soil
N recovery and the low N leaching would suggest that microbial NOs™ immobilization is leading
to a stabilization in soil organic N, that could be facilitated by the high SOC content (Elrys et
al., 2022). Some of the ®N—labeled NO3s may have been transformed into NH4* via DNRA
(Ritting et al., 2011). However, Chen et al. (2015), in montane grassland soils with similar

physicochemical properties, found that denitrification was more relevant than DNRA in
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anaerobic laboratory incubations. Thus, under the conditions in this experiment, microbial NO3™

immobilization could better explain the low N leaching and high soil N recovery.

As indicated above, part of the NOs™ from the fertilizer may have been converted to NH4* via
DNRA. This NH4" could then be volatilized as NH3, potentially accounting for some of the
unaccounted N losses of the system (Yankelzon et al., 2024). Another unaccounted N losses
were NO emissions; however, these are assumed to be negligible, as previously confirmed
under similar conditions (Zistl-Schlingmann et al., 2019). It is also important to note that N>
emissions may have been underestimated, as previously discussed. Nevertheless, the overall
percentage of N losses in the present study was considerably lower than in other studies
conducted under Mediterranean conditions, where significant NH3 volatilization losses (due to
the basic soil pH and the widespread application of urea or slurries) or N leaching in irrigated

crops can be expected (Gabriel et al., 2012; Guardia et al., 2021; Sanz-Cobena et al., 2014b).
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CHAPTER 5: GENERAL DISCUSSION

5.1. Tillage intensity and crop residue management

Conservation agriculture plays a pivotal role in the development of sustainable agricultural
systems in the current context of growing food demand and environmental change. Several
studies and meta-analyses have reported that no-till practices generally reduce crop yields by
1.4% to 5.6% (Pittelkow et al., 2015a, 2015b; Sun et al., 2024). However, other studies have
found no significant (Sun et al., 2024) or even positive (Fernandez-Ortega et al., 2024) yield
differences between conservation tillage and conventional tillage. Additionally, the meta-
analysis of Pittelkow et al. (2015a) pointed out a 7.3% yield increase in rainfed agricultural
systems and dry climates when no-till was combined with other conservation agriculture
practices such as residue retention and crop rotation. Indeed, conservation tillage has greatest
potential for yield improvement in regions prone to recurrent and prolonged droughts, such as
the Mediterranean area (Morell et al., 2011a; Sun et al., 2024). This positive effect is likely due
to improved water infiltration and higher soil moisture conservation, as reported by

Lampurlanés et al. (2016).

Regarding GHGs sinks and sources, it is well known that the implementation of no tillage
practices increases SOC content, with an average 23.7% increase according to Meng et al.
(2024) because of the reduction of soil aggregates turnover, thus favoring the stabilization of
SOC within soil aggregates (Bohoussou et al., 2022). These positive effects have also been
reported in Mediterranean agroecosystems (Aguilera et al., 2013a), with SOC increases ranging
from 11% to 15%, resulting in a C sequestration rate of 0.32 to 0.44 Mg C ha yr*. However,
tillage management has a marked influence on soil N2O emissions consequence of the
interaction between different factors such as soil density, water content, soil aeration, crop
residues management and soil organic matter content, among others (Abalos et al., 2013; Y. Li

et al., 2023a; Shakoor et al., 2021). According to Shakoor et al. (2024), no tillage reduces N.O
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emissions by 12% (by 18% in semiarid climatic areas) and 21% in China and United States
croplands, respectively. Similarly, Meng et al. (2024) reported that reduced tillage and no-
tillage practices reduce N2O emissions by 12.3% and 14.3%, respectively. Studies under
Mediterranean conditions have shown decreased (Garcia-Marco et al., 2016) or similar
(Guardia et al., 2016b) N2O emission under no tillage compared to conventional tillage in one-
year field experiments. The results from Experiment 1 of this thesis indicate that soil tillage
management did not significantly affect N2O emissions in a rainfed barley crop under semiarid
Mediterranean conditions. Similarly, a long-term experiment by Plaza-Bonilla et al. (2018)
under semiarid Mediterranean conditions reported that cumulative N2O emissions were
generally comparable between no tillage compared and conventional tillage, although no tillage

significantly mitigated the YSNE.

The agronomic and environmental performance of different tillage intensities is closely linked
to crop residues management, including aspects such as removal or retention, quantity, quality,
and incorporation depths. Straw return has been shown to have a positive effect on grain yield,
with an average significant increase of 4.3% compared to no straw return, according to the
meta-analysis by Zhang et al. (2024) for maize, rice, and wheat. However, this yield benefit
was observed only when full straw residue (> 3,000 kg ha*) was returned to the soil, while
partial straw return (< 3,000 kg ha) had no significant effect, probably because complete straw
return better enhances soil fertility and root development. These findings support the results
from the unfertilized control area of Experiment 2, where maize grain yield was lower when
crop residues were partially removed from the topsoil compared to when they were completely

incorporated.

Regarding N2O fluxes, the incorporation of crop residues into the soil has been shown to
increase N2O emissions by an average of 43% according to Abalos et al. (2022b). Furthermore,

the recent meta-analysis by Meng et al. (2024) indicated that despite straw retention
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significantly increased N>O emissions (by 12.1%), this increase was mitigated when crop
residues retention was combined with reduced tillage and no tillage. When crop residues are
retained in the soil, the available C and N for soil microorganisms is increased, which can
enhance denitrification and nitrification processes, potentially leading to increased N2O
emissions (Shakoor et al., 2021). However, the incorporation of mature residues —those with
high lignin content and a C:N ratio > 30— can promote microbial biomass growth and increase
inorganic N immobilization, thereby reducing N2O emissions (Abalos et al., 2022b; Chen et al.,
2013). Additionally, these residues may alter the DOC:NOs~ ratio, favoring complete
denitrification and shifting the N2O:N ratio towards greater N2 production (Abalos et al., 2013).
Before N synthetic fertilization in Experiment 2, N.O emissions decreased when recalcitrant
maize residues were retained in the topsoil, likely due to enhanced immobilization. However,
after maize top-dressing fertilization, the opposite trend was observed, suggesting that N
application was the variable that most conditioned the effect of crop residue incorporation on
N20 emissions. Supporting this, the recent study by Wei et al. (2024) concluded that the impact
of straw retention on N2O fluxes strongly depends on N fertilization and mineral N availability,
with reductions in N2O emissions under low-N conditions and increases under high-N
conditions. They proposed that under low mineral N availability, straw may improve soil pore
structure and aeration during "hot moment" events, reinforcing the immobilization effect. In
contrast, under high N availability, the combination of straw and N substrate could promote
denitrification in anoxic microsites. Given the limited number of field studies in Mediterranean

agroecosystems, further research is needed to clarify these interactions under such conditions.

According to the meta-analysis by P. Li et al. (2023), straw input increased cumulative CO>
emissions by an average of 24% compared to no straw input in upland fields, with a smaller
increase observed under no tillage compared to conventional tillage. Regarding cumulative CH4
emission, P. Li et al. (2023) found no significant differences in upland field studies when straw
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was returned to the soil. Furthermore, when considering both upland and paddy soils, overall
CH4 emissions significantly decreased with higher input rate, longer input durations, under no-
tillage conditions. Contrarily to these findings, the results of Experiment 2 showed no
significant differences in CO2 and CH4 emissions all over the experiment regardless of maize

residue input.

The risk of N leaching is reduced by 9% -14% when crop residues are returned to the soil in
upland fields (Zhijie Li et al., 2021; Wang et al., 2018). Another environmental risk that has
not been evaluated in this thesis is the well-known problem of NH3 volatilization, particularly
in calcareous soils as those used in Experiments 1 — 3, when ureic or NH4*-N based fertilizers
are applied (Recio et al., 2020; Sanz-Cobena et al., 2008). No-tillage practices reduce the
adsorption capacity of NH4* to soil colloids when crop residues are retained over the soil
surface, thus increasing the NHz volatilization rates by 26% on average (Pan et al., 2016). This
is consistent with recent findings by Guardia et al. (2024b) in a calcareous soil under
Mediterranean conditions. To mitigate these losses while maintaining the benefits of
conservation tillage, the use of urease inhibitors has been proposed as an effective strategy to
reduce NHs volatilization and prevent pollution swapping (Guardia et al., 2021; Recio et al.,

2020).

5.2. Cover crops in arable rotations

Cover cropping offers notable opportunities with regards to ecosystem services, such as weed
and pathogen management, enhancement of biodiversity, as well as climate change adaptation
(Kaye and Quemada, 2017; Muhammad et al., 2021). It also improves biological, physical, and
chemical soil quality (Blanco-Canqui et al., 2011; Quintarelli et al., 2022). Furthermore, cover
crops have been proposed as an alternative to bare fallow during the intercrop period,

particularly for mitigating N leaching, with a reported 35% reduction in irrigated systems
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according to Quemada et al. (2013), and for increasing SOC stocks (by 7% according to Peng
et al. (2023)). Other documented benefits of cover cropping include their potential to enhance
the phosphorous recycling by increasing its uptake by cash crops, and preventing nutrient loss

via runoff (Yousefi et al., 2024).

However, the impact of cover crops on cash crop yields varies depending on several factors,
including the species of both the cash and cover crop, soil properties, cash crop fertilizer
management, and the duration of cover cropping phase (Peng et al., 2024; Van Eerd et al.,
2023). According to the meta-analysis by Peng et al. (2024), cover cropping increased crop
yields by an average of 3%, with improvements of up to 11% in rainfed drylands. The yield
benefits were most pronounced when both legume and non-legume cover crop species were
combined, reaching a 13% increase (Abdalla et al., 2019). However, in Experiment 3 with
irrigated maize, winter cover crops had no effect on maize yield, similar to the meta-analysis
by Fan et al. (2021) in temperate areas. Other studies conducted under Mediterranean conditions
have reported yield increases with legume cover crops but no effect with non-legume cover
crops (Quemada et al., 2013), or even yield decreases with barley cover crops (Salmerén et al.,
2011). The greater effect of legume cover crops may be due to the additional N provided

through biological N fixation and N-rich residues.

Different results regarding how cover crops can affect N2O emissions have been reported in
several meta-analyses or reviews, with higher, lower or no effects depending on the cover crop
species (legume or non-legume), their interaction with N fertilization, or the timing of
measurement (during their growing period or after their incorporation as green manure)
(Abdalla et al., 2019; Basche et al., 2014; Y. Li et al., 2023a; Muhammad et al., 2019). Field
studies conducted under semiarid Mediterranean conditions have reported increased N.O
emissions with cover crops compared to bare fallow during the cover crops growing phase. This
effect can be explained by the C supply from rhizodeposition from actively growing root
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systems, which promotes denitrification (Guardia et al., 2016a; Sanz-Cobena et al., 2014a).
This was supported by the results of Experiment 2 of this thesis, with higher N2O fluxes when
high C:N ratio barley cover crop residues were incorporated into the soil, compared to bare
fallow. This could also be influenced by denitrification occurring during hot moments after
rewetting (Montoya et al., 2022), which were observed during Experiment 2 (i.e., after cover
crop termination), favored by the formation of anoxic environments when incorporating cereal
C-rich residues. In contrast, in Experiment 3, cover cropping had no significant effect on
cumulative N2O emissions before maize fertilization (including both the cover crop growing
phase and their incorporation into the soil), compared to bare fallow. Other studies under
Mediterranean conditions using legume cover crops (vetch and pea) in cover crop-maize
rotations reported higher N2.O emissions during the legume phase compared to control plots
under bare fallow (Franco-Luesma et al., 2022; Sanz-Cobena et al., 2014a). A similar, but non-
significant, trend was observed during the cover cropping period in Experiment 3.
Furthermore, our results confirm the critical role of the cropping period (cover cropping, post-
incorporation, cash cropping) when addressing the effects of cover crops on N2O emissions.
Overall, our findings suggest that cover cropping has a small effect on N2O fluxes, thus
questioning its adoption as an effective mitigation practice for direct N2O emissions. However,
when considering direct GHG emissions together with other components of the net CO:
equivalent emissions balance (e.g., SOC stocks, operations and irrigation, upstream and
downstream emissions or albedo change), results under Mediterranean conditions showed that
cover cropping is a practice that could improve the agronomical and environmental
sustainability of herbaceous cropping systems by reducing the net global warming potential

while maintaining cash crop yields (Guardia et al., 2019).

In both Experiments 2 and 3, significant N2O emission peaks were measured following the

application of N fertilizer, as observed in other maize experiments under irrigated
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Mediterranean conditions (Franco-Luesma et al., 2022; Guardia et al., 2016a). The increase in
easily available mineral N after fertilization combined with high WFPS levels consequence of
irrigation and elevated summer temperatures resulted in high soil N2O emissions. These
conditions could have favored denitrification processes (Butterbach-Bahl et al., 2013). It is
important to note that the °N,O analyses in Experiment 3 revealed that NH4*-N oxidation-
based processes (nitrification, nitrification coupled to denitrification, or nitrifier denitrification)

were even more relevant than denitrification itself after maize top-dressing fertilization.

In both Experiments 2 and 3, respiration fluxes were higher with cover crops compared to bare
fallow before maize fertilization, resulting in increased cumulative CO2 emissions by the end
of the cropping year. However, no differences were observed between cover crops and bare
fallow after maize fertilization. This increase in CO2 emissions was likely due to enhanced C
inputs during the cover crop growing phase, which boosted the availability of C substrates,
thereby stimulating microbial activity and soil respiration (Muhammad et al., 2021). Further
studies on respiration fluxes associated with cover crops are needed to better understand their
role as indicators of C cycling and their contribution to the net ecosystem C balance, together
with CHg4 oxidation/emission. In line with findings by Guardia et al. (2016a) and Sanz-Cobena
et al. (2014a), the soil in Experiment 2 acted as a CH4 sink, with no significant differences

observed between cover crop treatments.
5.3. Synergies between agricultural practices to increase

sustainability

As mentioned earlier, combining two or more conservation agriculture practices can result in
higher crop yield increases and N2O reductions compared to implementing a single practice

(Meng et al., 2024; Pittelkow et al., 2015a). For example, integrating reduced tillage practices
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with crop residue incorporation (instead of removal) has been shown to improve crop yields,
particularly in dry years because of the conservation of soil moisture (Malhi and Lemke, 2007).
Similarly, studies combining the practices of no tillage and cover cropping have reported
environmental benefits compared to their individual implementation, such as reduced N2O
emissions (Fiorini et al., 2020). In other cases, while no significant effects on N2O emissions
or cash crop yields were observed, the combination reduced NO3™ leaching (O’Brien et al.,

2022).

Furthermore, Xuan Yang et al. (2024), in a 12-years field experiment, reported that recycling
organic materials (via crop residue incorporation or manure application), adjusting the N
fertilization rates via ISFM, and implementing water-saving irrigation techniques, reduced N
leaching, NHs volatilization, and N2O + NO + N2 emissions by 47%, 11% and 29%,
respectively, compared to conventional agricultural practices, all without compromising crop
yields. One of the main differences between Experiment 2 and Experiment 3 of this thesis is
that ISMF was performed in the former one, meanwhile the same synthetic N rate was applied
in the latter. This difference may explain why no significant maize yield differences were
reported between cover crops in Experiment 3, while in Experiment 2 maize yield was slightly
but significantly reduced (by 7%) under vetch compared to barley cover crops and bare fallow.
These vyield penalties with vetch highlight the challenge of optimizing integrated N
management and accurately predicting N release from the decomposition of legume residues.
Furthermore, higher cumulative N2O emissions were reported in the legume-maize rotation at
the end of Experiment 3, meanwhile no significant differences were found between cover crops
and bare fallow when using ISFM in Experiment 2. This suggests that adjusting N fertilizer
rates —considering the N supplied by legume cover crops and the soil mineral N levels before
cash crop fertilization— can prevent increases in N2O emissions when incorporating green

manures in the annual rotation, as also reported by Abdalla et al. (2019), Franco-Luesma et al.
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(2022), and Guardia et al. (2016a). In addition, Guardia et al. (2019) indicated that under ISFM,
vetch had a greater mitigation potential than barley, emphasizing the significant role of
upstream GHG emissions from synthetic N fertilizer production. Moreover, conventional
fertilization in cover cropping systems may reduce the mitigation potential of legume cover
crops compared to bare fallow and cereal cover crops. The authors concluded that combining
cover cropping with ISFM is an effective agricultural practice for reducing the global warming

potential of irrigated cropping systems in semiarid regions.

Another strategy that has been proposed to reduce N2O emissions without compromising crop
yields is the use of NIs (Xia et al., 2017), which have also been proven effective under
Mediterranean conditions (Cayuela et al., 2017). The effectiveness of DMPSA was
demonstrated in Experiment 1 of this thesis, with a reduction of N2O emissions before barley
harvest under rainfed conditions. However, the effect on N>O emissions and crop yields when
NIs are combined with conservation agricultural practices has been less studied. In Experiment
1, the combination of no tillage and DMPSA application resulted in reduced cumulative N2O
emissions from AN fertilizer. Although this combination did not result in significant crop
yield increases, the mitigation of N2O emissions makes NIs environmentally recommendable.
This is further supported by the lower YSNE observed in no tillage compared to conventional
tillage, and using enhanced fertilizes (DMPSA at barley top-dressing together with an urease
inhibitor at basal fertilization) reported by Montoya et al. (2022) under similar environmental
conditions and with similar soil physic-chemical properties than those in Experiment 1.
Moreover, Corrochano-Monsalve et al. (2020) also reported positive results regarding N.O
emissions with the combination of no tillage and DMPSA under humid conditions in northern
Spain. Regarding the effect of DMPSA on reducing N2O emissions, results from Experiment
1 align with findings by Guardia et al. (2018), showing that DMPSA inhibited N.O emissions

derived from both fertilizer-derived NH4"*—N and NO3z —N. This suggests that DMPSA may also
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exert a detrimental effect on denitrification rates (Barrena et al., 2017; Torralbo et al., 2017),
thus possibly having a remarkable efficacy when combined with synthetic fertilizers based on

various N forms (i.e., ureic-N, NH4*~N, NOs—N).

5.4. Nitrous oxide emission factor

The N20O EF was calculated in two field experiments with sprinkler-irrigated maize cropping
systems under Mediterranean conditions (Experiments 2 and 3). The average EF (0.62%) in
Experiment 2 was twice as high as Experiment 3 (0.3%). Even though both experiments were
performed simultaneously in maize and using similar N fertilizer rates (between 170 — 220 kg
N hal), there were subtle differences between them (i.e., ISFM was used in Experiment 2 but
not in Experiment 3, in which AN was used instead of CAN). This discrepancy in EF values
may be mainly attributed to differences in calculation methodologies: N difference and °N-
tracing methods in Experiment 2 and 3, respectively. Indeed, considering the average
cumulative N2O emissions at the end of Experiment 3 (160 mg N m, Figure 4.19c) and the
average N.O emissions from the unfertilized control plots in Experiment 2 (46.8 mg N m?,
Table 4.12) (considering a 210 kg N ha'* fertilization rate), the EF in Experiment 3 would have
raised to 0.54% using the N difference approach. Similarly, the average N>O EF from the
fertilizer applied at barley top-dressing in Experiment 1 was 0.04% when the °N-tracing
method is applied, rising to 0.5% using the N difference method (note that the crop received a
previous fertilization event at seeding, and that the N>O EF from the fertilizer considering the
whole cropping cycle cannot be estimated). This suggests that the traditional EF estimation
method may overestimate N,O emissions compared to the °N-tracing approach. The
recommended 0.5% EF for semiarid regions (IPCC, 2019b) and also the average 0.5% EF in

Mediterranean regions (Cayuela et al., 2017) are higher than the EF calculated for Experiments
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1 and 3 using the ®N-tracing approach, but slightly lower than that for Experiment 2 using the

N difference approach.

For Experiment 4, the 0.1% EF (representing the N recovery as N2O emissions from KNO3
fertilizer) in pre-alpine grasslands was calculated based on a short period (one month after

fertilization).

5.5. Main sources and processes leading to N2O emissions

When considering the results of Experiment 1 and 3, both AN and AN contributed to N2O
emissions after fertilization. Despite the distinct environmental conditions in Experiment 1
(rainfed barley in a dry year, resulting in WFPS values below 30% on most days after
fertilization) and Experiment 3 (irrigated maize with WFPS values ranging from 15% to 64%
after maize irrigation), most N>O emissions in both experiments were derived from fertilizer
NH4™—N. This suggests that NoO emissions were primarily related to NH4" oxidation processes
(e.g., nitrification, nitrifier denitrification, or coupled nitrification-denitrification) rather than
denitrification (Butterbach-Bahl et al., 2013; Pilegaard, 2013). Our results are in accordance
with those by Han et al. (2024), who reported higher N.O emissions from nitrification compared
to denitrification in croplands. They are also consistent with studies by Guardia et al. (2018)
and Vallejo et al. (2014), which reported higher N.O emissions derived from °AN fertilizer
than from AN fertilizer in Mediterranean cropping systems, even at WFPS values exceeding
70%. The significant contribution of nitrifying microbial populations to N.O emissions in these
cropping systems has also been reported by Montoya et al. (2022, 2018). According to Vallejo
et al. (2014), under high soil moisture conditions (i.e., after irrigation or rainfall events),
NH4"—N oxidation can occur in macropores where O is available. The authors also suggested
that N2O emissions from fertilizer-derived NO3z —N under lower WFPS values may be related

to denitrification processes occurring in anaerobic soil micro-sites. Therefore, the coexistence
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of contrasting soil porosities likely facilitates the coupling of nitrification and denitrification
processes in irrigated cropping systems, making it key driver of N2O emissions. Montoya et al.
(2022) also highlighted an increase in denitrifying soil microorganisms during rewetting events
in the postharvest period of a rainfed cereal crop, leading to high N2O emission peaks. This
process, which was observed in Experiment 1, has been widely reported under Mediterranean
conditions (Montoya et al., 2021b; Plaza-Bonilla et al., 2014) and requires attention for
effective N2O emissions mitigation strategies considering the entire cropping cycle (Guardia et

al., 2024a).

When nitrification is the dominant microbiological process and most N2O is emitted from
NH4*—N, our results suggest that the use of NH4*—N-based fertilizers could increase N2O
emissions compared to NOs —N-based fertilizers. Furthermore, the application of NH4*—N-
based fertilizers have the risk of increasing NHs losses in calcareous soils, even though a right
management during their application (i.e., incorporating the fertilizer instead of leaving it on
the soil surface) can reduce this undesirable side-effect (Pan et al., 2016). However, the use of
nitric fertilizers instead of NH4*—N-based fertilizers or urea is associated with a higher upstream
C footprint related to their industrial production (Hoxha and Christensen, 2019) and may also
increase NOs™ leaching losses (Quemada et al., 2013). Thus, fertilizer application with a mixture
of both sources (e.g., AN or CAN) could be an effective strategy to mitigate not only N.O
emissions but also other adverse effects, such as those discussed above. Furthermore, the effect
of the mineral N source on N2O emissions is highly dependent on climatic and soil conditions
(Cowan et al., 2020; del Prado et al., 2006). For instance, Cowan et al. (2020) reported that urea
application on temperate and C-rich grasslands resulted in a lower N.O EF compared to AN or
CAN, possibly due to the higher relevance of denitrification, whereas no differences were
observed in arable crops. The authors suggested that this could be related to higher soil aeration

in commonly tilled arable crop soils compared to grassland, being NOs™ leaching potential, soil
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pH and C/N substrates, well-known drivers for NoO processes. Adjusting the fertilizer
application timing to match the crop N demand is also necessary to ensure optimal plant N

uptake, thereby avoiding N losses via denitrification or NO3z™ leaching (Rozas et al., 2004).

Grasslands frequently exhibit higher organic C levels, leading to a higher soil C:N ratio and
higher soil moisture content due to greater precipitation compared to Mediterranean agricultural
croplands. These edaphoclimatic conditions make denitrification the predominant source of soil
N20 emissions in grassland ecosystems (Ibraim et al., 2020; Miller et al., 2004b, 2002). In this
context, the results obtained in Experiment 4 of this thesis showed a higher contribution of
denitrification during the peaks of N2O emissions observed immediately after fertilization in
pre-alpine grasslands (hot moments). This aligns with the meta-analysis by Han et al. (2024),
which reported that N2O emissions derived from denitrification were higher than those from
nitrification in grassland experiments, though nitrification-related processes were also relevant
(as observed in Experiment 4 during N2O cold moments). For instance, Buchen et al. (2018)
suggested that nitrifier denitrification and/or denitrification coupled with nitrification are also

relevant processes in grassland soils.

5.6. Fate of 15N fertilizers

Techniques based on stable N isotopes (**N enrichment or natural abundance) provide
quantitatively accurate insights into N pool sizes and N transfer within the soil-plant-
atmosphere system. For instance, studies based on N natural abundance (8*°N) approaches
have quantified the proportion of N derived from N> fixation (Manandhar et al., 2024), infer
the extent of NHs volatilization based on variations in 8°N signatures of substrates, and
distinguish microbial pathways of N>O formation in soils using isotopomer methods (Chalk et
al., 2019). On the other hand, N enrichment enables a more accurate quantification of N

uptake from fertilizers (both organic or synthetic) and N recovery in plant and soil systems
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(Ding et al., 2019; Guardia et al., 2018; Machado et al., 2021). In this thesis, the plant N
recovery from fertilizer as well as the N from synthetic fertilizers recovered in the soil at the
end of the cropping seasons were calculated using *°N enrichment techniques (Experiments 1,
3, and 4, Table 5.1). Furthermore, N recovery from maize residues applied in Experiment 3

was also calculated.

Regarding the fate of 1°N-labeled maize residues, they were able to provide N in the next cash
crop phase, with 7.7% of the N from the previous crop residues being recovered in the
subsequent maize crop. This is consistent with the N recovery from maize residues reported by
Mubarak et al. (2003) and Taveira et al. (2020). Thus, returning crop residues to the soil is
beneficial not only for enhancing C sequestration and improving soil ecology but also for

promoting efficient N recycling.

Regarding the fate of °N-labeled synthetic fertilizers, average plant N recovery in rainfed
barley (Experiment 1) was 23%, regardless of tillage management or the use of DMPSA.
Similarly, Giacomini et al. (2010) reported no differences in N recovery when comparing
conventional tillage and minimum tillage, with an average 58% N recovered in wheat in a field
study conducted in northern France. A review by Smith and Chalk (2020) found no significant
differences in fertilizer N recovery between no tillage and conventional tillage in **N-tracing
experiments, with an average plant N recovery of 37%. Taveira et al. (2020) also observed no
differences in plant N recovery between tillage practices in soybean or maize crops. They
suggested that the increased crop yield that can be observed under no tillage is likely related to
the soil organic N pool or the indirect effects of organic matter on soil moisture, temperature,
and plant growth conditions, as supported by Smith and Chalk (2020), rather than an increase
in crop use of fertilizer-derived N. In their earlier work, Smith and Chalk (2018) also reported
a 43% plant N recovery and 20-30% soil N recovery one year after synthetic fertilizer

application.
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The average plant N recovery in irrigated maize (Experiment 3) was higher with barley cover
crops (42%) compared to bare fallow (26%). The immobilization of soil mineral N by the barley
cover crop may have temporarily reduced NOz™ leaching following maize fertilization, resulting
in enhanced NOs™ uptake form the fertilizer (Meng et al., 2021), thereby increasing plant N
recovery with barley as the cover crop. In contrast, Gabriel and Quemada (2011) found no
difference in N recovery in maize when comparing the use of vetch or barley compared to bare
fallow in a three-year field experiment under similar climatic conditions, with average N
recoveries ranging from 40% to 51%. Furthermore, in one of the experimental years, they
reported higher maize N uptake with the vetch treatment compared to bare fallow, without an
increase in crop °N recovery from the fertilizer, suggesting that reducing maize N fertilization

should be recommended for the vetch treatment.

The average 22% soil N recovery in irrigated maize of Experiment 3 was lower compared to
the 36% soil N recovery in rainfed barley of Experiment 1 (Table 5.1), which may be related
to the lower N leaching losses commonly observed in rainfed compared to irrigated cropping
systems (Maharjan et al., 2014). The higher soil recovery in rainfed barley could also be related
to the lower crop recovery due to the drier conditions (Scordia et al., 2021) and the differences

in NUE between winter cereals and maize (Song et al., 2022).

In Experiments 1 and 3, 41-45% of the applied N was unaccounted for (Table 5.1), which
might be attributed to: 1) NHs volatilization due to NH4* fertilization in calcareous soils,
particularly when the fertilizer is not incorporated through irrigation or mechanically (e.g.,
Experiment 1); 2) N2 emissions resulting from denitrification, especially under the water-
saturated conditions of Experiment 3; and 3) NOz~ leaching, likely higher under the irrigated

conditions of Experiment 3 compared to the rainfed conditions of Experiment 1.
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In Experiment 4, plants recovered 37% of the 1°N-labeled fertilizer (Table 5.1), what represents
less than 20% of the total N acquired by plants. This suggests that non-labeled NH4*—N applied
fertilizer and other N sources, such as N2 biological fixation, mineralization of soil organic N,
and nitrification of soil endogenous N, significantly contributed to plant N uptake
(Dannenmann et al., 2024; Zistl-Schlingmann et al., 2020a). Of the 54% soil N recovery (Table
5.1), only 10% was recovered in the top 5 cm of the soil layer. Given that NO3™ leaching losses
were low, the high N recovery in deeper layers may be attributed to microbial NO3~
immobilization, which leads to the stabilization in soil organic N, favored by the high SOC
content (Elrys et al., 2022). In Experiment 4, despite the favorable denitrification conditions
due to high WFPS values, N2> emissions and mineral N leaching accounted for only 1.4% and
0.3% of the applied KNO3 fertilizer, respectively. Therefore, total N losses from the applied
KNO:s fertilizer, including unaccounted N, were relatively small compared to those reported in
pre-alpine grassland experiments (Dannenmann et al., 2024; Schreiber et al., 2023). This is
likely due to the use of cattle slurry in those studies, where NHz3 volatilization was a major N

loss pathway.
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Table 5.1 Average N recovery in plant and soil in Experiments 1, 3 and 4.

Experiment Climate Crop Irrigation Fertilizer BN—fertilizer rate N Recovery
(kg N ha'®)
(%)
Unaccounted Plant Soil
1 Mediterranean semiarid Barley No ISAN/ABN 80 41 23 36
Mediterranean semiarid Maize Yes BSAN/APN 210 45 33 22
4 Pre-alpine humid Grassland  Yes K®NO; + (NH,).SO4 80 7 37 54
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5.7. Testing of the hypotheses

To summarize whether the hypotheses proposed in the four experiments conducted in this thesis were supported, partially supported or not

supported by the results, Table 5.2 presents a synthesis of the results obtained in the experiments that allow testing the hypotheses.

Table 5.2. Testing of the hypotheses.

Objective 1: To evaluate the effect of the combination of different tillage management (conventional tillage, T, or no tillage, NT) with the application of
N fertilizer enhanced with DMPSA as nitrification inhibitor or without DMPSA on the biochemical processes responsible for N.O emissions and on the N
fate in a rainfed barley crop under Mediterranean conditions using a *N-labeled fertilizer.

Hypotheses Testing References and justification

H1.1) DMPSA would mitigate NoO emissions Supported  Cumulative N,O emissions from NH4*-N fertilizer and from soil endogenous N were
from nitrification of both exogenous and lower with DMPSA application in the preharvest period, particularly in NT (Table
endogenous NH4*-N in T and, particularly, in NT. 4.5).
This suggests that DMPSA mitigates N.O emissions from NH4* oxidative processes,
being nitrification the major NH4* oxidative process (Butterbach-Bahl et al., 2013).
Similar results were reported by Corrochano-Monsalve et al. (2020) and Guardia et al.

(2018).
H1.2) Nitrification would be the main process Supported  N2O emissions derived from NH."*-N fertilizer were higher compared to those from
affecting N.O emissions, as commonly observed in NOs-N fertilizer during barley growing phase (Table 4.5 and Figure 4.7). These
calcareous and low soil organic matter content results are in accordance with the review by Aguilera et al. (2013b).
soils.
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Objective 2: To assess the combined effect of residual N from the previous crop and the residues management (higher residue input when left on the
surface, or reduced input after partial removal and deep incorporation) with the integration of different cover crop species (vetch as a legume and barley
as a cereal) compared to bare fallow on GHG emissions and cash crop (maize) yield under Mediterranean conditions.

Hypotheses

H 2.1) Greater inputs of maize residue (high C:N
ratio) may reduce N2O emissions before maize
fertilization in a subsequent campaign, due to
immobilization, while also increasing N2O
emissions after synthetic N application, due to the
release of N and particularly labile C for
denitrifiers.

H 2.2) The legume cover crop would increase N2O
emissions due to its reduced effectiveness in terms
of offsetting residual N and due to the mineral N
input increase from the decomposition of their N-
rich residues, which would increase yield-scaled
N.O losses in comparison to the cereal cover crop
and bare fallow.

H 2.3) The residual N from the previous cropping
season would increase N>O emissions and drive the
performance of cover crops compared to bare
fallow, especially during the cover cropping phase.

Testing

Supported

Not
supported

Supported

References and justification (when needed)

N2O emissions were higher in —R compared to +R treatment before maize fertilization
(P1 and P2) (Figure 4.11a-b), with opposite results after fertilization (P3) (Figure
4.11c). These results align with those reported in the meta-analyses by Abalos et al.
(2022b), Chen et al. (2013), and Hu et al. (2019).

There were no differences in N.O emissions or YSNE between vetch and bare fallow

throughout the different experimental periods and at the end of the experiment (Figure

4.11).

e Low temperatures during winter caused low N2O emissions during cover cropping
phase (Ussiri and Lal, 2013).

o Barley cover crop promoted denitrification during the highest N.O emission pulse
observed after soil rewetting (Zhijie Li et al., 2021).

e N0 emission peaks after N fertilization were the key drivers of annual N»O losses
masking the differences between cover crops, also attenuated through ISFM.

Cumulative N>O emissions before fertilization were lower in the unfertilized control

area compared to the area receiving N fertilization the previous cropping season

(Figure 4.10a).

o Despite there were no significant differences in terms of soil mineral N between
both areas, the legacy effect of the N applied in the previous cropping season would
have influenced the N.O emissions, especially at the beginning of the experiment.
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Objective 3: To evaluate the combined effect of the incorporation of maize residues with two different cover crop species (barley and vetch) compared to
bare fallow on the biochemical processes responsible for N.O emissions and on the N fate of synthetic N applied in a maize crop under Mediterranean
conditions using **N-labeled maize residues and a **N-labeled fertilizer.

Hypotheses

H 3.1) The use of vetch as a legume cover crop and
as green manure would increase N2O emissions
derived from both soil endogenous N and maize
residues from the previous cropping system.

H 3.2) The incorporation of recalcitrant crop
residues, such as those from maize stover, would
be slowly mineralized, resulting in a limited
contribution to N.O emissions during the
subsequent cropping year.

H 3.3) Despite irrigated conditions, nitrification
would be a relevant process influencing N2O
emissions, particularly when no C-rich cover crop
residues are applied.

Testing

Not
supported

Supported

References and justification

Despite cumulative N2O emissions being higher with vetch compared to barely (Figure

4.19c), there were no differences in N2Oisres and N2Osoil between cover crops (Table

4.20 and Table 4.21). Possible reasons:

e Slow mineralization of maize residues leading to low N2Ousges (Figure 4.21 and
Figure 4.22).

o Small differences in NO3z~ content at the end of P1 (cover crops growing phase)
between fallow, vetch and barley (Figure 4.18b).

N,O emissions derived from *N-enriched residues accounted for 5% (on average) of
daily N.O fluxes before maize fertilization (Figure 4.21) and up to 3% after
fertilization (Figure 4.22).

This suggests that high C:N ratio crop residues are slowly mineralized.

Similar results were reported by Ferrari Machado et al. (2021).

N.O emissions derived from NH4*-N fertilizer were higher compared to those from

NOs -fertilizer (Figure 4.22).

No differences between cover crops or bare fallow were reported on N,O emissions

derived from the NH4* or NO;™ fertilizers (Table 4.21).

e The WFPS was ca. 40% during maize irrigation, thus being favorable for NH."-N
oxidation based processes, including nitrification (Pilegaard, 2013).

e Low organic C content and basic soil pH limits denitrification (Ussiri and Lal,
2013).
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Objective 4: To quantify the N fate (soil, plant and leaching) and the N>O and N2 emissions in a pre-alpine grassland soil as well as the relative contribution
of nitrification and denitrification processes on N gas fluxes using a *®N-labeled fertilizer.

Hypotheses Testing References and justification

H 4.1) Denitrification rather than nitrification Supported N0 emissions derived from denitrification represented more than two thirds of total

would be the dominant process contributing to N>.O N.O emission (Table 4.27). These results are in accordance with the studies by
emissions under high WFPS values. Butterbach-Bahl et al. (2013) and Pilegaard (2013).

H 4.2) N, could be a major N loss pathway and N2 was the main gaseous N loss pathway, but only accounted for 1% of total NO3 —N
predominantly explain the unrecovered N in the applied (Figure 4.32), lower than the global average value reported by Pan et al.
crop. (2022).

e Experimental conditions were not as favorable as expected to promote complete
denitrification.
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5.8. Synthesis of the thesis contribution, practical and research

recommendations

This thesis contributes to a deeper understanding of N dynamics and N2O emissions in
Mediterranean croplands and pre-alpine grasslands, providing valuable insights for the
stakeholders (particularly the agricultural sector), scientific community and policymakers who

seek to design cost-effective strategies that enhance the sustainability of agroecosystems.

For the first time, the effectiveness of DMPSA combined with no tillage was evaluated in semi-
arid Mediterranean agroecosystems, integrating '°N isotopic tracing techniques to provide a
more precise understanding of N2O emission sources and N dynamics by determining the soil
NHs* and NOs~ concentrations derived from the °N-labeled fertilizer for two weeks after
fertilizer application and by calculating gross N transformation rates under field conditions
(Experiment 1). Another novel aspect of this thesis is the evaluation of the interaction between
maize residue inputs and cover crop type under Mediterranean climatic conditions, considering
the legacy effect of previously applied N (Experiment 2). Furthermore, this research is the first
to quantify the contribution of maize residue to N2O emissions and N recovery within an annual
cover crop—maize rotation in Mediterranean environments (Experiment 3). Additionally, this
study provides valuable information regarding field N2 emissions in pre-alpine grasslands and
enhances the understanding of nitrification and denitrification contribution to N2O emissions

under non-Mediterranean conditions (Experiment 4).

Based on the experimental results, this study outlines practical recommendations for
stakeholders and policymakers seeking to implement agricultural practices to mitigate N.O
emissions without compromising crop yields. A synthesis of these recommendations, along
with key future research directions to further advance knowledge in this field, is presented in

Table 5.3.
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Table 5.3. Practical and research recommendations

Exp. Crop Agricultural Recommendations for Research recommendations
practices stakeholders/policymakers
1 Rainfed o Rapeseed residue o Notillage + DMPSA Longer experimental times that include climatic
barley incorporation variations.
o (Tillage/No Agricultural practices that could mitigate summer
tillage) rewetting events to reduce their impact on
e  With/without cumulative N2O emissions.

DMPSA Study the contribution of the different N,O
emission related processes under rainfed
conditions in Mediterranean croplands measuring
the N,O isotopocules (**N site preference, §0'8)
and/or using N tracing numerical models.

2 Irrigated o Maize residue e Higher input of maize crop residues = no Improve the prediction of N supply from cover
maize incorporation penalties in vyield or increments in N:O crop residues with ISFM to prevent cash crop

(higher/lower
input)

Cover crops
(vetch, barley,
bare fallow)
ISFM

emissions; potential increases in C sequestration
and water retention.

Use of cover crops instead of bare fallow >
nutrient cycling, C stock, prevent soil erosion.
ISFM implementation - reduce C footprint
(upstream emissions). Need to improve N rate

dosing.

yield penalties.

Study the effect of cover crops on NHz emissions.
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Exp. Crop Agricultural Recommendations for Research recommendations
practices stakeholders/policymakers
3 Irrigated o Maize residue e Use of barley as cover crop = higher plant N e Contribution of cover crops to direct N.O
maize incorporation recovery compared to and lower N2O emissions emissions.
e Cover crops than vetch. e Study the contribution of the different N.O
(vetch, barley, e Retain maize residues - low contribution to emission related processes under irrigated
bare fallow) N20 emissions and potential SOC increase. conditions in Mediterranean croplands measuring
e Adjusting N fertilization rate via ISFM to the N.O isotopocules (i.e., **N site preference,
mitigate N,O emissions with vetch cover crop. 50*®) and/or using **N tracing numerical models
(e.g., Ntrace).
e Use the ®NGF method to quantify the
denitrification losses (N.O and N).
e Use of over crop mixtures.
4 Grassland e  Conventional e Enhance crop N recovery and decrease the high e Fungal/bacterial denitrification measuring the

management

soil N retention through grassland management.
(cuts/year, density, mixtures with N-acquisitive

species or cultivars) or fertilizer N management.

N0 isotopocules (i.e., °N site preference, 50).
N> measurements under different experimental
conditions.

NHjs volatilization measurements.
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During this research there has been found a series of knowledge gaps that should be addressed

by future research.

)] Multiannual agronomic studies

The adoption of conservation agricultural practices, such as crop rotation, reduced or no-tillage
systems, and cover cropping, can influence soil properties, N transformation rates, soil organic
matter, or microbial communities. However, their effects may vary depending on whether they
are assessed in short-term versus long-term studies (Berhane et al., 2020; Pittelkow et al.,
2015b). Multiannual data could allow us to evaluate the variability on N2O emissions and crop
productivity in response to seasonal changes, varying weather conditions, soil moisture levels
or different farming practices. Furthermore, organic amendments, including crop residues
incorporation, are expected to have residual and/or additive effects through consecutive
cropping cycles. Therefore, long-term studies are essential for comprehensively assess the
sustainability of these practices and improve the accuracy of NUE and N.O EFs estimations.
This is essential for distinguishing long-term patterns from short-term anomalies, such as those
caused by drought or unusually wet seasons, allowing the identification of consistent factors
that influence N2O emissions when implementing conservation agriculture practices beyond

seasonal or annual variability.

1)) Assessing management practices to mitigate N>O pulse events

The N20 hot moments after rewetting, particularly those occurring during summer and/or early
autumn (postharvest period of winter crops), may account for the majority of N2O emissions in
rainfed cropping systems, as observed in Experiment 1. Therefore, it is necessary to assess
whether different agricultural practices (e.g., tillage intensity, crop residue retention, or N
management) could mitigate the N>O emissions during these events. However, N2O pulses

following rewetting events are not only associated to agronomic management or fertilization
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practices, but are also strongly influenced by microbial reactivation (Guardia et al., 2024a). In
this context, it is necessary to i) enhance our understanding of the processes and drivers
underlying these rewetting events and, ii) improve their quantification by developing protocols

with higher temporal (i.e., automatic measuring chambers) and spatial resolution.

1)  Assessing the contribution of cover crop residues to N>O emissions

The incorporation of easily mineralizable cover crop residues, including both their aboveground
and belowground biomass, is expected to stimulate N2O emissions during the first weeks or
months after their incorporation into the soil. Tracing experiments using *®N—enriched cover
crop residues (including legumes and non-legume species) could provide valuable insights into
their specific contribution to N2O emissions, allowing differentiation from emissions originated
from soil, from cover crops mineralization, or from synthetic fertilizer applied to the cash crop.
Furthermore, mixtures of legume and non-legume cover crops may combine the benefits of
legumes (e.g., reduced synthetic N fertilizer requirements for the subsequent crop) with those
of non-legumes (e.g., lower NOs leaching), while also enhancing cash crop yields and
microbial diversity (Drost et al., 2020; Elhakeem et al., 2021). However, there is limited
information on their environmental and agronomic performance under field conditions,

particularly in Mediterranean regions.

IV)  Calculating gross N transformation rates

Understanding soil N transformation processes that regulate plant-available N and its potential
losses from agricultural system is essential for mitigating N2O emissions in agroecosystems.
Performing ®N-tracing experiments enable the use of numerical **N-tracing models (Miiller et
al., 2007, 2004a), which can provide detailed insights into how different N fertilization
strategies (e.g., organic or synthetic fertilization, or the application of enhanced fertilizers) and

agricultural management practices (e.g., tillage, crop residue incorporation, cover cropping)
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influence N2O consumption and production processes by calculating gross N transformation
rates (e.g., N mineralization, NH4* and NO3z~ immobilization, autotrophic and heterotrophic
nitrification or DNRA) (Inselsbacher et al., 2013; Rtting et al., 2011). This knowledge can
help to prevent N losses from agroecosystems and thus enhance crop yields. Most of these
experiments have been conducted under controlled laboratory conditions, with only a few
performed under field conditions and/or including plants (e.g., He et al., 2020; Loick et al.,
2021), particularly in semiarid agroecosystems such as those in Mediterranean regions.
Upscaling gross N transformation experiments to field settings and incorporating plant-soil
interactions —which play a crucial role in soil N cycling (L’Espérance et al., 2024)— will be

a major challenge in future research on reactive N losses and crop N nutrition.

V) Discriminating between the different NoO production and consumption processes

A better understanding of N2O sources can be achieved through high-precision analytical
techniques based on the natural abundance intramolecular distribution of N within the N2O
molecule (8*°N® and §'°NP), what enables the calculation of the 8°N site preference (**NS°,
315N difference in a site and P site of N2O). Furthermore, the >NS” together with the 580 in
N.O are considered robust tools to address N2O and N: sources, distinguishing between
bacterial denitrification, nitrifier nitrification, nitrifier denitrification and fungal denitrification
(Zhijie Li et al., 2021; Toyoda et al., 2017). The different N2O production pathways have their
own range of isotopic signatures, as reported in several studies (Ibraim et al., 2019; Toyoda et
al., 2017). Recently, these techniques have been used to discriminate the N2O produced via
nitrifier denitrification or DNRA (Xu et al., 2024), which has been identified as a relevant
contributor to N2O emissions under certain environmental and management conditions (e.g.,
acidic and fertile soils) but remains challenging to be differentiated from other N>O production

pathways.
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VI)  Quantification of N2 losses

Although N itself is environmentally benign and poses no risk to human health, its production
during denitrification leads to economic losses by depleting the pool of available NO3™-N for
crops, thereby reducing NUE (Pan et al., 2022). In Mediterranean agricultural systems,
denitrification driven by high soil WFPS during irrigation or following rewetting events in
rainfed systems may result in significant N2 losses, yet these losses remain largely understudied.
To our knowledge, the study by Guardia et al. (2018) is, to date, the only field experiment that
has quantified N2 losses under Mediterranean conditions, reporting an average emissions of 10
kg N ha'l after the application of 180 kg N ha=t. However, these findings were based on a two-
week measurement period. Given that N2 losses are closely related to N2O emissions, assessing
N losses using the "NGF method (Friedl et al., 2020) could improve our understanding of the
factors regulating the denitrification ratio (N20O:N2). This knowledge could help to develop

management strategies to mitigate environmental impacts while improving NUE.

VII) Effect of agricultural practices on NH3 volatilization

Ammonia volatilization from agricultural soils is a growing concern due to its adverse effects
on human health (Wyer et al., 2022) and the environment, including soil acidification,
eutrophication, and indirect N>O emissions. Its volatilization, atmospheric transport, and
subsequent deposition not only contribute to these environmental issues but also lead to
economic losses by reducing NUE. Agricultural practices such as the incorporation of
organic/synthetic fertilizers, the adequate choice of N sources, or the use of urease inhibitors,
have been proven effective in mitigating NH3 emissions (Guardia et al., 2021; Recio et al.,
2020, 2018). However, limited information is available on NH3z emissions in Mediterranean
cropping systems, particularly using accurate quantification methods (Herrero et al., 2021),

with regards to: i) the effect of cover crops, which may serve as a potential input of NH4*-N or
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act as a physical barrier promoting volatilization; and ii) the role of irrigation management as a

potential N incorporation pathway (e.g., through fertigation techniques).
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CHAPTER 6: CONCLUSIONS

Based on the objectives described in Chapter 2, the following conclusions have been obtained:

1. During a dry season under Mediterranean conditions, DMPSA significantly mitigated N2O
emissions from both endogenous and exogenous N during the barley growing period.
However, N2O fluxes during barley cropping season were low, with most emissions driven
by a postharvest rewetting peak. This suggests that although the use of DMPSA was
effective during the cropping phase, the particular environmental conditions and N2O

emission pattern in rainfed Mediterranean crops may limit its potential for N2O mitigation.

2. During arainfed barley cropping season, combining DMPSA with no tillage improved crop
development and plant N uptake while increasing N retention in the upper soil layers. This

may reduce potential environmental impacts such as N leaching.

3. During a cover crop-maize rotation under Mediterranean conditions, the incorporation of
high C:N ratio maize stover and the implementation of cover crops followed by their
incorporation into the soil could be considered as potential N2O hotspots under conditions

favoring denitrification (e.g., following maize irrigation and after N fertilization).

4. The influence on N2O emissions of the amount of maize residue input (i.e., higher N.O
emissions with lower maize residue input) was greater than that of cover cropping during
the intercrop period. Neither of the two conservation agriculture practices (i.e., crop residue
incorporation and cover cropping) had an effect on area-scaled or yield-scaled N,O

emissions when considering the entire cover crop-cash crop annual rotation.

5. Using vetch as a cover crop under ISFM can be an effective strategy to reduce direct and
upstream emissions, but it requires a better quantification of the mineralized N which would

be potentially available for the cash crop.

6. Inboth rainfed and irrigated systems under Mediterranean climate, NH4* from fertilizer was

the predominant source of N2O emissions, suggesting that NH4* oxidation-based processes
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are relevant pathways for N>O production in these environments. Furthermore, the
contribution of soil endogenous N to N2O emissions following synthetic N application
should not be neglected. Maize residues had a low (< 5%) contribution to direct N2O

emissions during an annual cover crop-maize rotation.

7. Fertilizer N recovery in rainfed barley was not affected by tillage or DMPSA. However,
cereal cover cropping increased plant N recovery in irrigated maize compared to bare
fallow. Fertilizer—N recovery in plants was higher in irrigated maize (33%) compared to
rainfed barley (23%). An average 41% and 45% of applied *°N remained unaccounted for
in rainfed barley and irrigated maize, respectively, suggesting potential losses via NH3

volatilization, NOs™ leaching, or N2 emissions.

8. In the pre-alpine grassland experiment, N2 was the primary gaseous N loss pathway (1.4%
of the applied N fertilizer). Nearly half of the N> emissions originated from sources other
than the N-labeled fertilizer. Although N.O emissions derived from denitrification
accounted for 62% of total N2O emissions, nitrification was the dominant process in the
days with low N2O fluxes. The recovery in crop and soil accounted for 37% and 54% of the

synthetic >N applied, respectively.

9. Conservation agriculture practices such as no tillage, residue retention and incorporation,
and the use of barley as a cover crop exhibited neutral to positive effects on N>O emission
mitigation, crop yield, and N recovery. Therefore, their implementation should be
considered, particularly given their potential to enhance soil quality and reduce the carbon

footprint.
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En base a los objetivos propuestos en el Capitulo 2, se han obtenido las siguientes conclusiones:

1. En un cultivo de cebada en secano en clima Mediterraneo, el DMPSA mitigd
significativamente las emisiones de N2O procedentes del N endogeno del suelo y del
fertilizante durante el periodo de cultivo de la cebada, durante el cual los flujos de N.O
fueron bajos, produciéndose los principales picos de emision durante un evento de
rehumectacion del suelo en post-cosecha. Esto sugiere que, pese a que el DMPSA fue
efectivo durante el periodo de cultivo, las particulares condiciones climaticas y el patron de
emision de N2O en cultivos de secano en climas Mediterrdneos puede limitar su potencial

para mitigar las emisiones de N20.

2. En un cultivo de cebada en secano, la combinacion DMPSA y no laboreo mejoré el
desarrollo del cultivo y la absorcion de N por la planta y aumenté la retencién de N en las
capas superficiales del suelo. Esto puede reducir potenciales efectos medioambientales

como el lixiviado de N.

3. En una rotacion de cultivos cubierta y maiz en clima mediterraneo, la incorporacion de
residuos de maiz con alta relacién C:N, y la implementacion de cultivos cubierta seguido
de su incorporacion al suelo, podria considerarse como potencial “punto caliente” de
emision de N2O bajo condiciones que favorezcan la desnitrificacion (por ejemplo, tras el

riego y la fertilizacion del maiz).

4. Lainfluencia en las emisiones de N2O de la cantidad de residuos de maiz incorporados en
la capa arable del suelo (es decir, mayores emisiones de N2O con una menor incorporacion
de rastrojos) fue mayor que el efecto de los cultivos cubierta durante el periodo intercultivo.
Ninguna de esas dos préacticas de agricultura de conservacion (manejo de residuos y cultivos
cubierta) afectaron a las emisiones de N>O por hectarea o escaladas al rendimiento al

considerar la rotacion anual completa (cultivo cubierta + cultivo principal).
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5. El uso de veza como cultivo cubierta bajo un manejo integrado de la fertilizacion puede ser
una estrategia efectiva para reducir las emisiones de N2O directas y aguas arriba, pero
requiere una mejor cuantificacion del N mineralizado que podria estar disponible para el

cultivo principal.

6. Tanto en cultivos de secano como de regadio en clima mediterraneo, el NH4* del fertilizante
fue la principal fuente de emisiones de N2O, lo que sugiere que los procesos basados en la
oxidacion del NH4* son vias relevantes para la produccion de N2O. Ademas, no se deberia
subestimar la contribucion del N enddgeno del suelo incluso tras la aplicacion de
fertilizantes sintéticos. Los residuos de maiz tuvieron una baja contribucion (< 5%) a las

emisiones directas de N2O durante una rotacion anual de cultivo cubierta—cultivo principal.

7. La recuperacion de N procedente del fertilizante en la cebada no se vio afectada por el
laboreo ni por el uso de DMPSA. Sin embargo, el uso de cereal como cultivo cubierta
aumento la recuperacion del N del fertilizante aplicado al maiz (33%) en comparacion con
el barbecho (23%). De media, quedo sin contabilizar el 41% del °N aplicado en cebada y
el 45% en maiz. Esto sugiere posibles pérdidas por volatilizacion de NHs, lixiviacion de

NO3~ 0 emisiones de Na.

8. En el experimento en pastizales pre alpinos, el N2 fue la principal via de pérdida gaseosa de
N (1,4% del N aplicado como fertilizante). Casi la mitad de las emisiones de N2 procedieron
de fuentes distintas al fertilizante marcado con *®N. Aunque las emisiones de N2O derivadas
de la desnitrificacion representaron el 62% del total de emisiones de N2O, la nitrificacion
fue el proceso predominante en los dias con bajos flujos de N2O. La recuperacion del N del

fertilizante fue del 37% en el cultivo, permaneciendo el 54% en el suelo al final del ensayo.

9. Las préacticas de agricultura de conservacion, como la siembra directa, la retencion e

incorporacion de residuos en el suelo, y el uso de cebada como cultivo cubierta, mostraron
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efectos neutros o positivos en la mitigacion de emisiones de N2O, en el rendimiento y en la
recuperacion de N por parte de los cultivos. Por lo tanto, su implementacion deberia
considerarse, especialmente dado su potencial para ademas mejorar la calidad del suelo y

reducir la huella de carbono.
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