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Abstract: Feeding a growing population, which will reach 10 billion in 2050, is a major challenge.
Another major challenge is to increase crops’ productivity in a sustainable way, as the increase in
agricultural inputs may lead to greenhouse gas emissions, including N2O fertiliser. Several factors
can influence N2O emissions such as irrigation, the soil management system, or the type of fertiliser
used. The aim of this research is to study the impact of each above-mentioned factor on N2O
emissions during three growing seasons in a maize field, considering three nitrogen fertilisers: urea
(U), ammonium nitrate (AN), and a fertiliser with the nitrification inhibitor 3,4-dimethylpyrazole
phosphate (DMPP); two irrigation strategies: on demand (100%) and deficit irrigation (75% of
demand); and a comparison of two soil management systems: conventional tillage (T) systems and
no-tillage (NT) system. The interactions among the three factors and their effects on emissions were
analysed through a principal component analysis. Higher emissions were recorded in plots that
received the highest irrigation dose. The most favourable management to reduce N2O emissions
derived from agricultural activity for maize crops under a Mediterranean climate was the NT
soil management, using a fertiliser with nitrification inhibitor and an irrigation dose of 75% of
conventional irrigation.

Keywords: climate change; irrigation doses; nitrogen fertiliser; no-tillage systems; maize

1. Introduction

Because of the exponential population growth in different parts of the world, the
population will reach 10 billion this century. Currently, the world population is 7.3 billion
inhabitants, but it will reach 8.5 billion in 2030 and 9.7 billion in 2050, according to a recent
UN report [1]. To meet this increasingly growing demand for food throughout the world,
it is necessary to use higher inputs in agriculture, i.e., water and fertiliser, leading to a
potential increase in nitrous oxide (N2O) emissions. In fact, the use of nitrogen fertilisers
over the last 60 years has multiplied seven times [2,3].

In the mid-twentieth century, N2O emissions to the atmosphere, caused directly or
indirectly by the use of nitrogen fertilisers, did not reach 50%. However, the trend has
changed, and fertiliser use accounts for more than 66% of the total emissions [4].

Soils naturally emit N2O due to two microbiological processes that are part of the N
cycle, such as denitrification and nitrification, with the denitrification process (anaerobic)
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presenting greater N2O production than the nitrification process (aerobic) [5,6]. However,
the application of fertilisers (organic and synthetic) is considered to be the most important
anthropogenic source of N2O emissions (c. 70% of the total worldwide), mainly produced
as a by-product or intermediate product of microbial processes (nitrification and denitrifi-
cation) [7,8]. Over-fertilising crops leads to an exponential increase in N2O emissions in the
atmosphere [9]. Over the last 150 years, the levels of N2O emissions have increased from 11
to 18 Tg N year−1 [10].

In terms of climate change, the importance of this gas is given by its global warming
potential: one kg of N2O is equivalent to 298 kg of CO2, lasting in effect for 114 years [11].
Another environmental concern worth mentioning is that nitrous oxide also contributes
to the destruction of stratospheric ozone [12]. Thus, the factors that most intervene in
its production should be studied, as should the agricultural practices that can reduce its
emissions. The main factors involved in nitrification and denitrification processes are soil
moisture [13], texture, nutrient content, and vegetation [14], which are all influenced by
environmental conditions and soil management.

Regarding fertiliser, several aspects influence the emissions of N2O, such as the fer-
tiliser application method [15], the dose and formulation of the fertiliser, and the timing
of its application during the crop cycle [16]. Studies on the optimal dose and number of
top dressings of fertiliser to apply in order to reduce greenhouse gases (GHG) indicate that
average N2O reduction percentages can be nearly 40% [17,18]. However, the success of
these measures is highly influenced by the climatic conditions of the study area, which,
in most cases, have a greater impact on the efficiency of the fertiliser than the form of
application. Other studies have focused on comparing the effect of traditional fertilisers
on N2O emissions with other fertilisers that include inhibitors of biochemical processes in
their formulas, such as nitrification and urease inhibitors. In Mediterranean environments,
nitrification inhibitors have been effective in reducing gas flow [19–22]. Nevertheless,
the success of this measure is affected by soil factors and climatic conditions. Regarding
urease inhibitors, although their purpose was to reduce NH3 emissions, recent studies have
reported their effectiveness in reducing N2O in extensive crops [23,24].

Soil management systems have a high impact on GHG emissions [25,26]. Therefore, a
great effort has been made at the research level to find agricultural practices that favour
emission reductions. Not all agricultural systems are considered large GHG producers;
conservation agriculture includes a series of soil management practices, including no-tillage
practices, which help minimize CO2 emissions and increase soil carbon sequestration [27,28].
However, regarding N2O emissions, there is no clear consensus in the scientific community
related to the influence of soil management practices on these emissions. The controversy
is due to the large number of parameters (physical, chemical, and biological) that may have
an influence.

The soil organic carbon is the most important factor, affecting a wide range of denitri-
fying microorganisms [29]. In soils with high carbon content and good humidity, which
are the characteristics of systems based on no-tillage practices, the nitrification and den-
itrification processes are expected to be altered, influencing the N2O emissions to the
atmosphere [30].

On the other hand, when the soil is tilled, organic C and N forms are released from the
aggregates that provide a substrate for the mineralization of soil organic matter as well as
for nitrification and denitrification [31], which affect the nitrogen gas generation potential.
In addition, according to several authors [32,33] long-term tillage reduces the soil’s ability
to retain N, stimulates the production of nitrate (NO3

−) through nitrification, and decreases
the ability to immobilize N due to the decrease in the C availability.

While some studies have concluded that N2O emissions are higher in conserva-
tion tillage systems [34,35], others show that they are higher in conventional tillage
systems [36,37], and others conclude that the tillage system does not influence emis-
sions [38–40].
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Regarding irrigation, the amount of water in the soil is a key factor that affects the bio-
logical processes in the soil, generating conditions that can favour the emission of gases and
condition the success of other implemented gas reduction practices. Sanz-Cobena et al. [23]
observed that an excess in irrigation water application, in a maize crop, decreased the
capacity of the inhibitor to reduce nitrogen losses in the form of N2O and NO. Similar
results were seen in Carbonell et al. [41].

Some of the reviewed studies refer to deficit irrigation strategies, associating the lower
use of water with a reduction in energy consumption, up to 30% in some studies, and
consequently, a decrease in CO2-eq. rates [42,43]. Other studies refer to the introduction
of technologies, such as drip irrigation, that imply a more efficient use of irrigation water
and that, through more frequent irrigations, generate “dry” and “wet” areas in the soil,
decreasing general soil moisture and favouring nitrification over denitrification, which
ends up reducing N2O emissions [44–46].

Most current studies focus on one or two factors, such as fertilisation or tillage sys-
tems, but there is a lack of multivariable studies that consider fertiliser, soil management
systems, and deficit irrigation at the same time. This research tests the hypothesis that a
multivariable analysis allows for a clearer understanding on the dynamic of N2O emissions
in Mediterranean environments. Thus, the impact of different management strategies based
on those factors was studied for a maize field in the Mediterranean-climate, aiming to
establish which system has a greater influence on reducing N2O emissions.

2. Materials and Methods
2.1. Experimental Site

A field experiment was conducted to study the dynamics of N2O emissions from
the soil as influenced by different variables: soil management, type of fertiliser, and
irrigation doses.

The study plots are located in a Mediterranean area with a xeric regime. The climatic
conditions of the study area follow the pattern of the Mediterranean climate, which is
characterized by a temperate climate with a rainy season in autumn and winter that
concentrates 80% of the total annual precipitation, and very dry and hot summers.

The selected farm is located in Córdoba (Southern Spain: 37◦51′48′′ N; 4◦47′29′′ W),
and the studies were carried out over three agricultural seasons: 2016, 2017, and 2018.
Maize (Zea mays L.) under irrigation was the crop implanted during the whole study.

2.2. Experimental Design

As an experimental design, a split-split plot was chosen with three replicates. The
factors considered in the study were the following:

1. Soil management system
Two different systems were implemented:
1.1—No-tillage (NT);
1.2—Conventional tillage (T).
The list of tasks performed in both management systems is shown in Table 1.

Table 1. The field operations performed each season per soil management system.

Conventional Tillage

Season 2016 Season 2017 Season 2018

Date Field operation Date Field operation Date Field operation

17 February 2016 Disk plough
10 March 2016 Chisel plough 01 February 2017 Chisel plough 22 February 2018 Chisel plough
06 April 2016 Disk + tine harrow 06 April 2017 Disk + tine harrow 05 April 2018 Disk + tine harrow
07 April 2016 Seeding 06 April 2017 Seeding 06 April 2018 Seeding
07 May 2016 Cultivator 08 May 2017 Cultivator 16 May 2018 Cultivator
20 October 2016 Disk plough 22 October 2017 Chisel plough
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Table 1. Cont.

No till

Season 2016 Season 2017 Season 2018

Date Field operation Date Field operation Date Field operation

16 February 2016 Herbicide Glyphosate +
Fluroxypyr 29 March 2017 Herbicide Glyphosate +

Fluroxypyr 27 March 2018 Herbicide Glyphosate +
Fluroxypyr

07 April 2016 Seeding 06 April 2017 Seeding 06 April 2018 Seeding
24 May 2016 Selective herbicide 09 May 2017 Selective herbicide 22 May 2018 Selective herbicide
21 October 2016 Herbicide Glyphosate 22 October 2017 Herbicide Glyphosate

Residues after harvest were not removed from the field in either soil management.
The soil management conducted before the experiment consisted of conventional tillage,
alternating between cereal and sunflower as crop rotation. The no-tillage area was not
ploughed in the season prior to the experiment.

2. Irrigation dose
After sowing the maize and fertilizing the plots, the irrigation calendar began. Then,

the experimental field was irrigated three days per week. Irrigation was carried out using
drippers in alternate rows. Two doses were used:

2.1—Full dose on crop demand: 100%;
2.2—Deficient dose, up to 75%.
Preliminary tests had been carried out to establish that the deficit irrigation of 75%

did not compromise the final production. A total of 100% of the crop water demand was
determined through evapotranspiration, according to FAO-56 [47]. Reference evaporation
data were taken from a meteorological station located 1200 m from the experimental field,
belonging to the network of agricultural weather stations (RIA, “Red de Información
Agroclimática”) of the Andalusia Regional Ministry of Agriculture, Livestock, Fisheries
and Sustainable Development (Spain). An efficiency of 90% was used for drip irrigation.

3. Type of the used nitrogen fertiliser
All plots received 400 kg ha−1 of basic fertiliser 8-15-15 (N-P2O5-K2O). Although

different types of fertiliser were used, the total N was the same for all the experimental
plots. The amount of fertiliser was adjusted according to the N-richness of each type of
used fertiliser. In order to calculate the dose of fertiliser to be applied, 300 kg N ha−1 was
used, which is the dose normally used for irrigated maize crops in the area. The equivalent
amount of each formulation was calculated, and the amount of N that had been applied
with the initial fertilisation (32 kg N ha−1) was subtracted. The three fertilisers used in the
study were urea (U), calcium ammonium nitrate (AN), and a fertiliser with a nitrification
inhibitor that consists of ammonium sulphate nitrate (18.5% NH4

+-N; 7.5% NO3
−-N)

with 0.8% (regarding ammoniacal N) of the nitrification inhibitor 3,4-dimethylpyrazole
phosphate (DMPP). The doses and the application dates are shown in Table 2.

Table 2. Fertilisers used in the trial; N-richness, doses, and application dates are indicated.

Basic fertiliser (kg ha−1) 400 (8-15-15)

Differentiated Fertilisation Urea (U):
46% N

Calcium Ammonium Nitrate (AN):
27% N

Ammonium Sulphate Nitrate with
Nitrification Inhibitor (DMPP): 26% N

Total amount of fertiliser (kg ha−1) 583 993 1030

1st application (35%)
How much? (kg ha−1) 204 348 360
When? 2 weeks after emergence 2 weeks after emergence With seeding

2nd application (65%)
How much? (kg ha−1) 379 645 670
When? 1 month after emergence 1 month after emergence 3 weeks after emergence

Given the experimental unit size, fertilisation tasks were carried out manually, spread-
ing the fertiliser homogenously.

In the experimental design, the main factor was the soil management system (NT,
T), which included irrigation (100, 75%) as the subplot factor and the fertilisation strategy
(U, AN, DMPP) as the sub subplot factor. Each experimental unit (sub-subplot) had a



Agronomy 2022, 12, 1349 5 of 20

dimension of 5 × 10 m2, and nine sub-subplots were established per irrigation dose and
soil management system (Figure 1).
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Figure 1. Experimental design of the test plots. U: urea; AN: ammonium nitrate; DMPP: ammonium
sulphate nitrate with DMPP nitrification inhibitor.

2.3. Soil and Irrigation Water Analysis and Maize Production

Soil samples were taken at two depths (0–20 and 20–40 cm) with an Edelman auger
during the study period in order to analyse the nitrate content through the method de-
scribed by Griess–Ilosvay [48]. The nitrate in the irrigation water was also measured
periodically in order to assess all sources that affect the soil nitrate. Nitrate concentration
in water was also analysed by the method described by Griess–Ilosvay after reduction in a
copperised cadmium column. At the beginning of the study, a soil sampling was taken at
several depths (up to 60 cm) in order to define the physical and chemical characteristics of
the study site (Table 3).

Table 3. The physical and chemical characteristics of different soil layers at the study site.

Soil
System

Depth pH H2O pH
CaCl2

P K OC OM CO3−2 CEC Sand Lime Clay Texture

cm mg kg−1 % meq
(100g)−1 %

Tillage 0–5 8.60 7.77 12.23 252.1 0.41 0.69 18.63 11.92 47.49 34.99 17.52 Loamy
5–10 8.58 7.73 9.86 202.1 0.40 0.68 17.93 12.09 46.39 36.41 17.20 Loamy

10–20 8.63 7.78 9.36 123.5 0.40 0.68 18.21 12.69 47.29 36.68 16.03 Loamy
20–40 8.76 7.85 6.21 99.4 0.28 0.48 20.59 11.40 49.42 34.59 15.99 Loamy
40–60 8.66 7.88 6.01 103.8 0.22 0.37 19.99 11.85 51.38 33.71 14.91 Loamy

No-Till 0–5 8.55 7.75 6.52 235.9 0.44 0.75 19.98 10.95 52.53 32.31 15.16 Sandy–Loam
5–10 8.65 7.77 4.43 126.2 0.40 0.68 20.04 11.88 53.44 32.34 14.22 Sandy–Loam

10–20 8.58 7.66 5.01 179.9 0.44 0.74 20.28 10.84 47.1 36.63 16.27 Loamy
20–40 8.64 7.84 2.90 95.2 0.30 0.51 21.56 11.35 49.35 34.71 15.94 Loamy
40–60 8.67 7.78 2.21 102.6 0.27 0.46 20.27 9.73 51.73 34.75 13.52 Loamy

P: available phosphorus; K: exchangeable potassium; OC: organic carbon; OM: organic matter; CEC: cation
exchange capacity.

Maize production was measured by the manual harvest of two crop rows in each
experimental unit.
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2.4. Emission Measurements

In order to measure gases, the closed-chamber approach described by Ryden and
Rolston [49] was used. Cylindrical chambers (30 cm height and 31.5 cm diameter) were
installed in the middle of every plot at the beginning of each gas sampling period, taking
special care that they were perfectly embedded in the soil (approximately 3 cm) to avoid
gas exchange with the environment. Sampling was always performed between 10:00 and
14:00 to avoid the effect of diurnal variability. The chambers were placed in the inter-rows
with a drip line to test the effect of the different irrigation doses.

The chambers were closed for about 60 min, allowing us to determine the concentration
of N2O. The procedure for collecting gas is as follows: from each chamber, a 20 mL gaseous
sample was extracted with a syringe and collected in vials with a septum, in which the gas
was deposited under pressure. In addition to the samples taken from different chambers,
environmental samples were also taken at the beginning and at the end of the sampling
period. The linearity of flux was checked through measurement at 0, 20, 40, 60, and 80 min
in one chamber per block, soil management, and irrigation dose. The extracted gas samples
were analysed with a gas chromatograph (PerkinElmer Clarus gas chromatograph fitted
with a Turbomatrix 110 automated head-space sampler and an electron capture detector
for N2O analysis). The sampling frequency is shown in Table 4.

Table 4. Dynamic of emission measurements during the three seasons studied.

SEASON 2016 2017 2018

1st N2O measurement 14 April 2016 17 April 2017 9 April 2018

Dynamic of measurement

From 14 April 2016 to 28 July 2016
2 measurements a week

From 17 April 2017 to 27 July 2017
2 measurements a week

From 9 April 2018 to 26 July 2018
2 measurements a week

From 2 August 2016 to
14 September 2016
Once a week

From 10 August 2017 to
7 September 2017
Once a week

From 2 August 2018 to
6 September 2018
Once a week

Last N2O measurement 14 September 2016 7 September 2017 6 September 2018

2.5. Data Analysis

For the soil and production data, the Statistix v.8.0 program was used. The comparison
of means was made using the least significant difference (LSD) test with p < 0.05.

For the gas emission data, a principal component (PC) study was made [50], as was an
analysis with hierarchical conglomerates, using the Statistix v.8.0 and SPSS v.11 programs.
The purpose of these analyses was to study the importance of different factors for the gas
emission to the atmosphere. The analysis began with an initial number of variables, and
finally obtained a lower number of variables, which was a linear combination of the initial
variables. The number of components was obtained following the rule of choosing those
ones whose values were higher than the unit value.

The first principal component (PC1) explains most of the variance of the data series,
and each successive PC adds smaller amounts of the remaining variance.

3. Results
3.1. Soil Nitrate, Irrigation Doses, and Maize Production

The soil assessment carried out during the study period shows a descending trend
along the crop development, considering the fertilisations applied in the first stages of the
growing season. In the first season, the values ranged between 80 mg NO3 kg−1 (first stages)
and 5 mg NO3 kg−1 (end of irrigation) at 0–20 cm, and 50–5 mg NO3 kg−1 at 20–40 cm
depth. In the second year, the highest values were lower than the previous season, and the
lowest values were higher: 70–12 mg NO3 kg−1 at 0–20 cm and 30–10 mg NO3 kg−1 below
20 cm. The third season showed a different pattern: a peak of soil nitrate was measured
20 days after the second top dressing fertilisation and 10 days after the start of irrigation.
The peak value was 75 mg NO3 kg−1 for T and 72 for NT at 0–20 cm. At 20–40 cm, the
highest value was 51 mg NO3 kg−1 under T and 34 mg NO3 kg−1 in NT. The soil nitrate
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at a depth of 20–40 cm was higher in T than in NT in this season, without statistically
significant differences.

The nitrate content in the irrigation water was between 3–7 mg NO3 L−1, depending
on the volume of the source, but significant differences in soil nitrate content between the
plots with differentiated irrigations were not found during the study period.

The total volume of irrigation for each dose (100% and 75%) was 8000 and 6000 m3 ha−1

in the first season, and 7400 and 5550 m3 ha−1 for both the second and third seasons. The
maize yields in the different seasons are shown in Table 5, according to the irrigation
dose. Statistically significant differences in maize production for the three studied factors
(irrigation dose, soil management system, and type of fertiliser) were not found in the
three seasons.

Table 5. Maize production (kg ha−1) in each season according to the irrigation dose.

Irrigation Dose 2016 2017 2018

100% 11,393 12,133 10,381
75% 11,050 11,383 10,465

3.2. Influence of the Soil Management System on N2O Emissions

Figure 2 shows the values obtained in different gas extractions in the maize field
during three study seasons and for the two management systems, considering all the
emission values for every fertilisation and irrigation thesis in each management system.
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In the case of the first season (2016), significant differences were not observed in the
emissions related to the soil management system, but the peaks or highest values in the
daily data were generally higher in the conventional tillage. The emissions in T became
3% higher than the maximum value in NT.

In the following season (2017), a clear emission peak can be observed that corresponds
to the application of the fertiliser. The peak in NT was delayed regarding the T system.
An emission of 8 g N2O-N ha−1 day−1 was reached in T system. In NT, the highest daily
emission was slightly lower.

Finally, in the last study season (2018), lower peak values were reached than in the
others, which could have been caused by the temperature factor since the summer was
milder with lower average temperatures during this season. The emissions in T became
4% higher than the maximum value in NT.

3.3. N2O Emissions and Type of the Used Nitrogen Fertiliser

The following figure shows the values obtained in different gas extractions in the
maize crop during three study seasons for the three nitrogen fertilisers applied in the study
(Figure 3).
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Figure 3. Daily emission of N2O according to the type of the used fertiliser. The different let-
ters indicate: a = seeding; b = first fertilisation with DMPP; c = first fertilisation with U and
AN; d = second fertilisation with DMPP; e = second fertilisation with U and AN; f = first irrigation;
g = last irrigation.

In the first season, it can be observed that the emission pattern was similar in all
treatments. The emissions had no differences between U and AN at the beginning, as
only the basic fertiliser had been applied at this stage. The fertiliser with the nitrification
inhibitor was applied at a dose of 35% of its top-dressing N needs at the sowing. However,
the emissions with DMPP were lower than the others. During the whole season, the
treatments reached peaks between 5 and 8 g N ha−1 day−1, although without significant
differences between treatments.
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In the second season, the usual pattern of N2O emissions began with very low levels
since the plant was still small and the soil had received only basic fertiliser. Increasing
emissions were observed after the first application of U and AN. DMPP started emitting
earlier, but the increase was smoother. Moreover, the peak obtained with U and AN
was 25% higher than that for DMPP. The treatment with the nitrification inhibitor had
two peaks of about 7 g N ha−1 day−1; the other fertilisers reached maximum values of
10 g N ha−1 day−1 after starting irrigation and the second fertiliser application. Although
there was a progressive decrease in N2O emissions in all treatments, the values remained
relatively high until about 140 days after the first fertiliser doses were applied, at which
point emissions were below 3 g N ha−1 day−1.

Finally, the emission pattern in the third season was similar to that of the other seasons,
but with smaller values on average. The maximum recorded value was 7.6 g N ha−1 day−1

in AN, being 25% higher than the maximum value found in DMPP. The highest peaks
were observed at the beginning of irrigation, but the daily pattern of the emission data
presented a series of maximums and minimums attributable to the availability of nitric
nitrogen in the soil and its humidity conditions. Low emissions were recorded 120 days
after the application of the first doses of fertiliser, although it remained after the end of
the irrigation. There were no significant differences regarding the type of fertiliser used,
reaching some peaks in the different treatments during the season.

3.4. N2O Emissions and Applied Irrigation Dose

As in previous cases, the following figure represents the values obtained in different
gas extractions in the maize crop during three study seasons for the two irrigation doses
considered in the study (Figure 4).
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Figure 4. Daily emission of N2O according to the applied irrigation dose. The different letters
indicate: a = seeding; b = first fertilisation with DMPP; c = first fertilisation with U and AN;
d = second fertilisation with DMPP; e = second fertilisation with U and AN; f = first irrigation;
g = last irrigation.
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In general, similar emissions in both systems were observed. In the first season (2016),
the highest dose had slightly more emissions than 75% of demand at the first stage. Later,
there were hardly any differences. In the following two seasons, corresponding to 2017
and 2018, there were some differences in some samplings. Generally, there were higher
emissions in the plots that received the highest irrigation dose. At the end of the second
season, it is observed that irrigation at 75% had higher N2O emissions, and most of the
emissions in the highest irrigation dose took place previously.

Table 6 summarizes the total emissions accumulated in each season for all the vari-
ables in the study. As can be seen, emissions were reduced in the plots managed under
conservation agriculture, with respect to those traditionally managed, except for the second
season. That reduction, although not very high (3% in total), does not coincide with the
studies in which conservation agriculture is considered to be a system that favours the
emission of this gas. In the first season, the plots under NT reduced emissions by 9%, with
respect to those in conventional tillage.

Regarding the fertiliser variable, the fertiliser with AN caused the greatest emissions
throughout the experiment, and the plots treated with DMPP emitted the lowest amount
of gas.

Finally, the 100% irrigation dose caused more emissions in all seasons.

Table 6. Cumulative N2O emissions (g N ha−1) for the three studied variables and in all seasons for
180 days (±standard error).

Management system Fertilisation Irrigation

NT T U AN DMPP 100% 75%

1st season 411.6 ± 20.6 453.6 ± 25.5 475.4 ± 19.9 489.3 ± 31.4 381.2 ± 21.1 445.6 ± 24.9 419.6 ± 21.9

2nd season 510.8 ± 26.8 499.7 ± 21.8 542.0 ± 14.0 575.1 ± 29.2 463.3 ± 20.5 512.8 ± 21.7 497.7 ± 26.8

3rd season 384.2 ± 15.8 395.1 ± 9.74 394.6 ± 16.5 414.3 ± 13.0 388.4 ± 14.3 403.7 ± 10.8 375.6 ± 14.5

3.5. Correlation between the Studied Variables and Analysis of Main Components

Numerous studies indicate that there are a great variety of factors, such as the crop
rotation, the soil management system, the type of used nitrogen fertiliser, the time of
application, etc., which interact with and significantly influence the emission of N2O from
the soil [51–53].

In order to identify the variables responsible for most of the emissions, and with
the difficulty posed by the total variability in them, an analysis of the main components
was carried out, which also allowed us to study the correlations between the analysed
parameters [50]. The data used as the basis for the analysis were N2O emissions, the
irrigation dose (on demand 100% or 75% deficit), the nitrogen fertiliser (U, AN, DMPP),
the soil management system (conventional tillage and no-tillage), the days since the last
irrigation, and the nitrate content in the soil at the moment of gas emissions measuring.
The final variables PC1, PC2, and PC3 were determined by a linear combination of the
initial variables. Table 7 shows the correlation matrix of the variables, together with the
final PCs.

In order to study whether there was a trend or behaviour pattern for emissions that
can be explained by some variable, each variable has been represented independently
(Figure 5).

The first graph corresponds to the fertiliser variable, and only one group, which
includes the emission data collected in all the studied cases, is observed. Therefore, a
priori, the fertilisation variable does not explain the behaviour of the N2O emission pattern.
Regarding the irrigation variable, two perfectly differentiated groups are observed—one
of them because of the emission values measured in the plots irrigated with the full dose
(100%), and the other one because of emission values recorded in the plots irrigated in deficit
(75%). The irrigation variable has an important influence on N2O emissions, regardless of
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the management system, since in both groups of values there are measurements made on
conservation agriculture plots and in the traditionally managed plots.

Table 7. Correlation matrix of the studied variables.

Management System Irrigation Fertiliser NO3− N2O Days

Irrigation 0.4240
p-value 0.0000

Fertiliser 0.0051 0.2670
0.9436 0.0000

NO3
− −0.0062 0.0062 0.9781

0.9308 0.9308 0.0000

N2O −0.4303 0.8656 −0.8756 −0.0460
−0.0025 0.0025 −0.5038 −0.0047

Days 0.1910 0.9721 0.8756 0.9474 0.3694
0.0000 0.3531 0.0025 0.0344 0.0011

PC1 −0.0106 −0.0094 −0.8590 −0.0037 −0.1894 0.8622
0.8824 0.8956 0.0000 0.9584 0.0089 0.0000

PC2 −0.7445 −0.2113 0.0913 −0.5773 −0.6572 −0.0614
0.0000 0.0027 0.1996 0.0000 0.0000 0.3891

PC3 −0.1898 0.9760 0.0181 −0.5920 −0.0967 0.0055
0.0072 0.0000 0.7999 0.0000 0.1741 0.9382
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The representation of the main component values of the soil management variable
shows that the emission values corresponding to the plots managed by the no-tillage system
belong to the same group, while in the case of the traditional tillage system, two different
groups were formed. They were formed because of the interaction with another variable,
so the next step was to represent the emissions recorded using the value of their main
components, considering, in this case, more than one main variable (Figure 6).

The interaction between the management system and irrigation dose variables repre-
sents the first group formed by the emissions generated in the plots under conservation
agriculture and the lower irrigation dose (75%). The second group is formed by the emis-
sions in the traditionally tilled plots, which are also 75% irrigated, while the third group
is made up of all the emissions generated in the plots irrigated at 100%, regardless of the
management system. One conclusion that can be obtained observing the graph is that
when a high irrigation dose is used, it favours gas emissions, and the management system
will not influence the dynamics of these emissions.

The interaction between the fertiliser and irrigation variables reflects two large groups,
the first formed by all the emissions registered on plots irrigated at 100%, regardless of
the used fertiliser, and the second group formed by the emissions from the plots irrigated
at 75% and fertilized with any of the three fertilisers used in the study. As can be seen,
with respect to nitrous oxide emissions, the irrigation variable is still the one that most
influences the rest of the variables.
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Figure 6. Spatial representation of the main components as a function of the interaction of the
variables studied in pairs.

Finally, if the considered variables are the management system and type of fertiliser,
depending on the value of their main components, it can be observed that there is no
notable difference between the emission values in all the studied cases.

To conclude, the joint interaction of the three variables considered in the study was
evaluated and the nitrous oxide emission values were represented considering the value of
their main components (Figure 7).
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studied variables.

As can be seen, the interaction between all the variables has been decisive in the
dynamics of N2O emissions. Subgroups were formed for each combination of the three
studied variables, but at the same time, two large groups that included the previous ones
were also formed. One of these two groups is made up of all the emissions that have
been generated with the 75% irrigation variable, and includes data from the plots in both
management systems and with any of the three fertilisation formulations. The other large
group is formed, as in the previous case, by data generated in any of the combinations of
the soil management and fertiliser variables, but in this case, it only includes the variables
generated with the 100% irrigation variable.
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4. Discussion
4.1. Soil Management and N2O Emissions

The effects of soil management systems on N2O emissions are the result of changes in
soil structure, microorganism activity, the decomposition of residues, soil aeration, and the
rate of N mineralization, along with soil temperature and moisture [54].

The application of conservation agriculture principles is widely known as a practice
that helps reduce atmospheric CO2 emissions, thanks to the increase in soil organic carbon
content due to lower soil disturbance and permanent vegetal soil cover. However, there
are many authors who, even in agreeing with the previous statement, do not recognize its
importance in mitigating climate change, and they emphasize that this practice also favours
an increase in N2O [55]. Soils under NT favour an increase in soil water content and soluble
forms of carbon, favouring nitrification processes that promote atmospheric N2O [56–58].
Nevertheless, other studies, such as that of Six et al. [59], state that this increase in emissions
can be reduced when NT practices are maintained over time.

Our results, as can be seen in Figure 2 and Table 6, coincide with the results of
those studies that indicate higher emissions of nitrous oxide in tilled soils compared to
those under no-tillage systems. That is the case of Omonode et al. [60], who estimated
a 40% reduction in the emission values in NT with respect to T in a study on a maize
crop. Van Kessel et al. [61], in a meta-analysis compiling 239 studies on the effect of soil
management on N2O emissions, observed an increase in N2O emissions under NT in the
first year of implementing this system, and a 27% reduction in the gas emitted in NT
compared to T 10 years later. In our case, the greatest percentage of reduction regarding
T was seen in the first season. In the second one, NT emitted slightly more nitrous oxide
without significant differences.

In a study carried out in a tropical oxisol soil in Brazil, Escobar et al. [62] indicate
that the N2O emissions produced after harvest were three times higher in no-till systems
compared to conventional ones. This may be due to the characteristics of these tropical sys-
tems with greater humidity, higher temperatures, and a greater population of denitrifying
microorganisms in no-tillage systems [63].

Corrochano-Monsalve et al. [64] showed lower N2O emissions in NT than in T when
applying a fertiliser with nitrification inhibitor, due to the greater water-filled pore space
of NT, which favours the inhibition of the nitrification process too. Our results agree with
these authors; emissions were reduced by 9% and 3% with NT in the first and third seasons,
respectively. Furthermore, DMPP emitted significantly lower amounts of N2O in the first
and second seasons in both soil management systems. Emissions in the AN plots were
significantly higher than in DMPP in the tillage system at the end of the third season.
Even without significant differences, when considering the management system factor, the
highest emission peaks are either similar in both management systems, or they are higher
in the T-plots, generally after irrigation. This is due to the higher soil moisture in NT, which
can saturate the pores with water and delay nitrification processes.

In Mediterranean environments, as is our case, Plaza-Bonilla et al. [65] observed a
reduction in the amount of N2O emitted per kg of production in NT with respect to T,
although in this case, the crop was grown in dry land. An earlier article written by Plaza-
Bonilla et al. [66] also indicated lower or similar emission values in NT compared to T,
although the greatest differences can be seen after making changes in the management
system and using different management techniques for several years.

Therefore, not all studies agree on higher emissions of N2O in conservation systems.
Metay et al. [67] and Jantalia et al. [68] did not observe differences in N2O emissions be-
tween the NT and T systems in the Brazilian savannah and in southern Brazil. Liu et al. [69]
reached the same conclusion for an irrigated maize field in north-eastern Colorado. Despite
the fact that several studies consider that conservation agriculture systems increase nitrous
oxide emissions [61,70], the presented results do not show a clear increase; only the cumu-
lated emissions in the second season were higher in NT, as seen in Table 6. Moreover, the
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importance of the NT system as a variable among all those on which the study of principle
components is based does not determine the behaviour of the emission patterns.

4.2. Effect of the Type of Nitrogen Fertiliser on N2O Emissions

The relationship between N2O emissions and the amount of N fertiliser is not com-
pletely clear. Even though there are authors, such as Zhang and Han [71], who state that
the existing relationship is linear, there are other studies, such as those of Ma et al. [72],
that speak about an exponential relationship. Regarding nitrogen fertilisation, most of the
studies have focused on comparing traditional fertilisers with other fertilisers that include
inhibitors of microbiological processes, such as nitrification and urease inhibitors [23,73–76].

Our results indicate a higher total volume of emissions on the plots in which the
AN was applied (Table 6). This result coincides with those obtained by Signor et al. [53],
which show how in a sugarcane crop, emissions increased when the fertiliser contained
N in ammonia form. Ammonia fertilisers increase N2O emissions more slowly than nitric
fertilisers because the latter kind start denitrification processes immediately, while ammonia
sources have to go through the nitrification process first. Two independent studies, both
conducted in Brazil, by Zanatta et al. [77] and Signor et al. [53], concluded that nitric
fertilisers induced higher N2O emissions than amide fertilisers (CH4NO), data which
coincide with the results obtained in our study. Compared to the total amount of measured
emissions, bigger amounts were observed in the plots fertilized with the AN than in those
that received U as fertiliser.

Regarding the moment in which there were the most emissions, Figure 3 shows that
emissions increase after applying the fertiliser, on some occasions after the first application
and others after the second one. During the period between the first and second top-
dressing fertilisation in the first season, the soil had enough moisture to allow nitrification,
since it was raining in that period. These conditions caused all the treatments to emit
nitrous oxide to a greater or lesser extent, and the highest values were reached in AN and
DMPP treatments. After the rains, the second top-dressing was applied in the treatments
with U and AN, but until there were no suitable moisture conditions in the soil, there was
no peak of N2O from the soil. From the beginning of irrigation, there was enough humidity,
both with irrigation on demand and at 75% of the needs, to allow for nitrification. However,
lower N2O emission peaks were observed than after the first top-dressing since the crop
was more developed, absorbing more nutrients from soil. These results coincide with those
obtained by Schils et al. [78], who concluded that the emissions should be measured during
the first two weeks after fertilisation.

According to Shaviv [79], the use of N inhibitor fertilisers is an important strategy to
reduce N2O emissions induced by N fertilisers, since they are involved in the nutrients’
release. Figure 3 shows that, on some dates, the plots fertilized with a nitrification inhibitor
fertiliser (DMPP) emitted less gas. In the first season, considering that DMPP was applied
at sowing, the emissions at the beginning were lower than the others due to the inhibitor
that delayed the nitrification. Taking into account the total amount of gas accumulated by
the three studied fertilisers, this type of fertiliser emitted the lowest amount of gas during
the three studied seasons. DMPP provided N2O emission reductions regarding U and AN
over 19%, 14%, and 3% for 2016, 2017, and 2018, respectively. Therefore, there was a clear
behaviour of the nitrification inhibitor, with respect to reducing emissions, compared to the
rest of traditional fertilisers. The differences with respect to U and AN were significant the
first and second seasons in the accumulated emissions.

Some studies, such as the one conducted by Meijide et al. [19], indicate a high N2O
mitigation efficiency in rain-fed farms and lower efficiencies in irrigated areas, in which the
influence of irrigation is the predominant factor. This finding coincides with that indicated
by Recio et al. [8] in a study about the impact of the nitrification inhibitor on the N2O and
NH3 emissions in a maize crop in a Mediterranean climate.

Another factor that can improve the mitigating effectiveness of the nitrification in-
hibitor is the soil organic C content, which is higher in soils with less C and lower in soils
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with high C content [20,80]. Other authors, such as Gilsanz et al. [21], highlight the impact of
temperature on the effectiveness of the inhibitor, indicating an inverse relationship between
the increase in temperature and the impact of the inhibitor on the nitrification process,
focusing attention on the importance of choosing the most appropriate time of applying
N2O to mitigate effects. In our case, and being a spring–summer crop, the temperatures
were generally high.

4.3. N2O Emissions and Irrigation Doses

The plots that received the total irrigation dose (100%) showed higher N2O emissions
than those that were irrigated with the lower dose. These results coincide with those
obtained in a large number of studies, according to which soil moisture content is a
fundamental factor that stimulates N2O emissions [81–84]. At the end of the second season,
irrigation at 75% had higher N2O emissions, probably due to that most of the emissions
in the highest irrigation dose took place previously, and that the concentration of mineral
nitrogen in the soil with a lower irrigation dose was higher.

The amount of water in the soil is a key factor that affects the biological processes in the
soil, generating conditions that can favour gas emissions and influence the success of other
implemented gas-reduction practices. An example can be seen in Sanz-Cobena et al. [23],
who showed that excessive irrigation of maize crop decreases the capacity of an in-
hibitor to reduce nitrogen losses in the form of N2O and NO. Similar results are seen
in Carbonell et al. [41].

Our results are similar to those of Jamali et al. [85] who, in a study that evaluated the
influence of the water amount on the N2O emissions in a sorghum crop, presented results
which showed that when reducing irrigation from 60–120 mm to 30 mm or below, while
irrigating the plots more frequently, emissions were reduced by 41–50%.

Scheer et al. [82] carried out a study in Australia on wheat with three irrigation doses,
a high dose, a medium dose, and a low dose. The mean daily emissions of N2O were
5.5 g N2O ha−1 day−1, 3.2 g N2O ha−1 day−1, and 3.3 g N2O ha−1 day−1. In our study,
emissions also decreased at the lowest dose in comparison with the highest dose, which
showed a 1.2% emissions increase on average.

4.4. Correlation between the Studied Variables

There are several studies that show the correlation between humidity and fertiliser.
Lower N2O emissions are generated when the application of the fertiliser is carried out in
a dry period (without irrigation) than when it is carried out in humid conditions [71,78].
Our results coincide with these conclusions because the irrigation strongly affects gas
emissions, as the results reached in the study about main components show. Similarly,
Passianoto et al. [86] concluded that the coincidence of fertilisation with rainy periods
causes emission increases.

Kostyanovsky et al. [87] found, in a study carried out in four different locations in
the US, that the highest emission peaks occurred in the treatments in which N fertiliser
was applied together with irrigation, compared to those registered in the treatment with
fertilisation only.

Studies by Robertson et al. [88–90] showed that emissions after a rainy period or
applied irrigation are probably more controlled by the availability of nitrogen in the soil,
together with the organic matter mineralization rate, than by irrigation only. They could
also be affected by the soil treatment. In other words, the interaction between all the
variables should be studied.

Jamali et al. [91] carried out a study to evaluate the influence of the amount of irrigation
applied, of the optimal and reduced dose, and of fertilisation with a nitrification inhibitor
of a wheat crop. Their results show that, considering the treatment of reduced irrigation
and the inhibitor individually, both treatments reduce N2O emissions; however, the lowest
emission values were seen in the combination of both variables. These data coincide with
those obtained in our study, in which the lowest N2O values were observed in the plots
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fertilized with the nitrification inhibitor and with deficit irrigation. This is in agreement
with the results by Scheer et al. [92], Liu et al. [93], and Cui et al. [94], who observed
maximum emissions when fertilisation and irrigation variables interacted.

5. Conclusions

The reduction in N2O emissions as a climate change -mitigation process is influenced
by many aspects, including environmental factors, factors related to soil characteristics, and
agronomic factors. It is recommended to consider the joint evaluation of three agricultural
factors, such as soil, water, and fertiliser management.

Considering each of the factors individually, fertilisation has a significant impact on
the increase in emissions, higher usually after the second top-dressing, which is applied
during a period of higher temperature and the in a greater amount (65%). The type of
fertiliser also affected the emissions; the highest values were measured in the plots fertilized
with AN, being reduced with the fertiliser with a nitrification inhibitor. Irrigation also
had an important impact on the amount of emitted gas. The highest emissions were
observed normally after irrigating the plots, regardless of the amount of applied water, or
after precipitations.

Under the conditions of our study, the joint consideration of the three factors deter-
mined that the most favourable management method for reducing N2O emissions derived
from agricultural activity in a maize crop in a Mediterranean area was managing the soil
with the no-tillage system, using a fertiliser with a nitrification inhibitor, and adjusting the
water application to 75% of the conventional irrigation dose.

The role of agriculture as a mitigating action within the climate change scenario is
demonstrated by the obtained results, which show that the adoption of certain practices,
such as conservation agriculture, the choice of fertiliser, and the volume of irrigation,
decreases the amount of N2O emissions. Furthermore, the adoption of conservation
agriculture principles, which result in fewer inputs by reducing the number of field tasks,
and using less irrigation are recommended as adaptation practices for future scenarios.
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