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Maize is a major irrigated crop in Mediterranean areas and its typical intensive
management may impact soil nitrous oxide (N,O) emissions. In these irrigated
continuous maize systems, the legumes incorporation as well as adjusted nitrogen
(N) fertilization might be interesting strategies to reduce soil N,O emissions. The
objective of this study was to assess the impact of cropping diversification and different
N rates on soil N,O emissions in flooded irrigated maize under Mediterranean
conditions. To achieve this, two cropping systems (maize monoculture system, MC;
and pea -maize rotation, MP) and 3N rates (unfertilized, ON; medium rate, MN; and high
rate, HN) were evaluated in a field experiment established in NE Spain during 2 years
(2019; 2020). During the studied period, the N rate had a significant effect on soil N,O
emissions, with a non-linear positive response of cumulative soil N,O emissions to N
rates. In both systems, quick and high increases of soil N,O fluxes were observed
immediately after the N application reaching 55 and 100 mg N>O-N m= day ™ in MC
and MP, respectively. Both years, the pea phase of the MP rotation showed greater
cumulative N,O emissions than the fallow of MC. However, N,O losses in the maize
phase were similar (2019) or even higher (2020) in MC than in MP. Moreover, in both
seasons, the MN treatments showed lower yield-scaled N,O emissions and N emission
factor than the HN treatments, being this last lower than 1% in all cases. The results
obtained showed that in irrigated Mediterranean conditions the replacement of a fallow
by a legume, together with an adjusted N fertilization are favourable strategies to
mitigate soil NoO emissions in high-yielding maize systems.

KEYWORDS

soil N,O emissions, cropping diversification, nitrogen fertilization, irrigated systems,
maize monoculture

Abbreviations: N,O, nitrous oxide; CIR, crop irrigation requirement; ETo, Reference
evapotranspiration; ETc, Crop evapotranspiration; WFPS, Water-filled pore space.
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Introduction

Semiarid Mediterranean areas are characterized by high solar
radiation conditions and long frost-free periods that, combined
with irrigated systems, lead to high crop productivity (Cavero
et al,, 2003). Although these conditions would allow to increase
crop diversification, one of the most common systems in these
areas is the maize monoculture, which is normally produced
under high-intensive conditions (Berenguer et al., 2008; Cavero
et al, 2018). The large amount of fertilizer applied in these
intensive agricultural systems is behind great N losses and,
indeed, these irrigated agricultural areas are particularly
susceptible to groundwater pollution (Quemada et al, 2013).
Moreover, N fertilization is the main source of soil N,O
emissions in agriculture, a potent greenhouse gas (GHG)
(Syakila and Kroeze, 2011; IPCC, 2014). Besides, the changes
in the soil water content and soil structure resulting from these
intensive practices may influence the bacterial processes of
nitrification and denitrification that control N,O production
in the soil (Butterbach-Bahl et al., 2013).

Over the last decade, crop diversification, including legumes,
is becoming a common practice to reduce the external N supplies
and the environmental impacts associated with the highly
intensive agriculture systems (Lin, 2011; Sanz-Cobena et al,
2014). The inclusion of legume crops in the rotation is an
interesting strategy to provide environmental benefits and
increase the sustainability of farming (Preissel et al, 2015;
Lotjonen and Ollikainen, 2017). Due to the legume crops’
ability to fix N and their low C/N ratio, they are an adequate
management practice to increase soil fertility, making crop
rotations less dependent on N inputs (Drinkwater et al., 1998;
Sant’Anna et al.,, 2018; De Antoni Migliorati et al., 2021).

Under Mediterranean irrigated conditions, Cela et al. (2011)
and Salmerdn et al. (2010, 2014) carried out different studies to
assess the impact of legume crop rotations on the N availability
for the subsequent crop, and observed that legumes allowed a
reduction in the N fertilizer rate of the following maize crop by
maintaining the grain yields. Regarding the impact on soil N,O
emissions, different authors observed higher N,O emissions in
crop rotations including legumes (Drury et al., 2008). Adviento-
Borbé et al. (2010) observed a higher N,O emission in a maize-
alfalfa rotation compared to a maize monoculture under
temperate field conditions. In agreement with the previous
studies, Davis et al. (2019) found an increase in soil N,O
emissions for the legume cover crops compared to bare soil.
Likewise, (Saha et al., 2021) reported greater emissions during the
maize phase when the precedent crop was a legume. Besides,
higher soil N,O fluxes during the growing period of a legume
cover crop compared to a fallow were also reported in
Mediterranean conditions (Sanz-Cobena et al., 2014; Guardia
et al., 2016). In contrast to the previous studies, (Olivera et al.,
2021) did not observe differences or, even, lower N,O losses in
cereal phases after legumes compared to cereal monocultures
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under Mediterranean conditions. However, if the N supplied by
the legume is considered when adjusting the N fertilizer rate of
the following crop in the rotation, this negative-side effect can be
partially offset and no differences would be observed in the
cumulative N,O emission of the whole cropping period (Lemke
et al., 2007; Guardia et al., 2016; Hansen et al., 2019).

In Mediterranean agroecosystems, the optimization of N
fertilization has a GHG mitigation potential ranging from
30% to 50% compared to a non-adjusted practice (Sanz-
Cobena et al, 2017). Different studies have shown that high
N fertilizer rates lead to greater soil N,O emissions in maize
monocultures. For example, (Pareja-Sanchez et al., 2019, Pareja-
Sanchez et al., 2020) observed an increase in soil N,O emissions
by increasing the amount of N applied in a maize monoculture.
Likewise, (Cayuela et al., 2017), in a meta-analysis study for
different crops including maize in the Mediterranean region,
reported an increment in the emission factor (EF) by increasing
the N application. Nevertheless, these studies did not include
crop rotation systems with legumes.

Therefore, the combination of the inclusion of legume crops
in the rotations and different N fertilizer rates can increase
sustainability in irrigated maize systems under semiarid
Mediterranean conditions while maintaining their high crop
productivity. More studies combining both practices would
allow to quantify their impact on N,O emissions and
contribute to design more sustainable agricultural practices in
these areas. Accordingly, the general objective of this study was to
assess the impact of different N fertilization rates on the soil N,O
emissions in different cropping systems (maize monoculture and
pea-maize rotation) under irrigated Mediterranean conditions
during 2 years.

Material and methods
Site description

A 2-years field study (November 2018 to November 2020)
was carried out at the research farm of the Aula Dei Experimental
Station (EEAD-CSIC) in the province of Zaragoza, Spain
(41042'N, 0049'W, 225m altitude), covering two complete
growing seasons of a maize monoculture system and a pea-
maize rotation. The soil is a Typic Xerofluvent (Survey Staff,
2015) with a silty loam texture, characterized by a basic pH and
low contents of carbon (C) and nitrogen (N) and with a
carbonate (CaCO;) content higher than 30% (Table 1). The
area is characterized by a Mediterranean semiarid climate
with a mean annual air temperature of 14.1°C, mean annual
of 298 mm
evapotranspiration (ETo) of 1,243 mm. Daily mean air

precipitation and mean annual reference
temperature, daily precipitation, daily ETo and MP and MC
irrigation for the given experimental period are presented in

Figure 1.
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TABLE 1 Soil characteristics at the field site.

Depth (m) pH EC@@Sm™) C (%) N (%) CaCO; (%)
0.0-0.1 790 033 1.08 0.14 3326
0.1-0.3 805 025 0.92 0.14 33.11

Note. FC, field capacity (—0.033 MPa). WP, permanent wilting point (~1.5 MPa).
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FIGURE 1

Daily mean air temperature (red continuous line), reference
evapotranspiration (ET,) (green continuous line), precipitation
(green vertical bars), maize monoculture (MC) system irrigation
(purple vertical bars) and pea-maize (MP) cropping system
irrigation (blue vertical bars) and throughout the entire
experimental period.

Experimental design and management
practices

The experimental layout consisted of a split-block design
with three replications and a plot size of 6 x 25 m. The historical
management of the field consisted of alternating different cereal
crops, mainly winter wheat (Triticum aestivum L.) and maize
under conventional tillage and flood irrigation. In August 2018, a
field of 0.6 ha was divided into two parts. In one part, a maize
monoculture (MC) was established while in the other part a pea-
maize rotation (MP) was set up. Besides, in both cropping
systems, three different N rates were tested (ie., control or
unfertilized, ON; medium rate, MN; and high rate, HN).

Nitrogen application rates were selected based on the typical
amounts of N applied for irrigated maize cropping systems in the
region, which are between 300 and 350 kg N ha™" (Sisquella et al.,
2004). Likewise, based on previous studies carried out in the same

-1

region, a reduction of 50 kg N ha™ was established for the maize

crop after the pea (Salmerén et al., 2011).
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Sand (%) Silt (%) Clay (%) FC (m’>m™) WP (m’m™)
19.62 61.63 18.75 26.84 14.40
19.41 61.59 19.00 2623 1591

Under the MC cropping system, the N application rates selected
were 0, 200 and 400 kg N ha™' for ON, MN, and HN, respectively.
The total amount of N in each treatment was split into two
applications, a quarter of the total N at pre-sowing application
and the rest at one top-dressing application at the V8-V10 maize
growth stage, when maize plant present 8 to 10 developed leaves. In
2019, the pre-sowing application under the MC cropping system
consisted of an NPK 8-15-15 fertilizer compound at 0, 625 and
1,250 kg ha™' application rates for ON, MN, and HN treatments,
respectively. In 2020, the pre-sowing application consisted of 0, 185,
and 370 kg ha™ of calcium ammonium nitrate (CAN 27%) for ON,
MN, and HN treatments, respectively, together with 1,000 kg ha™" of
an 8-10 PK fertilizer compound in all treatments. In both growing
seasons, the top-dressing consisted of CAN 27% application up to
the N rate established (Supplementary Table S1).

Fertilization for the MP cropping system was different between
cropping phases. For the pea phase, one application of a 10-12 PK
fertilizer compound at 400 kg ha™" was done before pea sowing in the
2019 growing season. Pea did not receive any N fertilization. During
the maize phase, N applications were 0, 150, and 350 kg N ha™ for
ON, MN, and HN, respectively. The total amount of N fertilizer was
split into two applications, a third of the total N before maize sowing
and the rest at one top-dressing application at the V8-V10 maize
growth stage in the form of CAN 27%.

Field management practices and their timing varied between
cropping systems (Supplementary Table 1S). In the MC,
cropping system tillage operations consisted of one pass of a
disk harrow and one pass of a subsoiler to 0.30 m depth, followed
by one pass of a rotary tiller for preparing the maize seeding bed.
In the MP cropping system, tillage operations for both pea
seasons consisted of one pass of a disk harrow followed by
one pass of a rotary tiller before sowing. In the 2019 growing
season, maize after pea was sown under no-tillage conditions,
while in 2020 one pass of a disk harrow and one pass of a rotary
tiller were performed to ameliorate soil compaction after the
second pea season. In both growing seasons, maize cv. Pioneer
P1921 (FAO 700) was sown in rows 75 cm apart at a planting
density of 89,500 plants ha™ under the MC cropping system.
Under the MP cropping system, pea cv. Cartouche and cv.
Furious were sown at 350 and 325kg of seed ha™ in the
2019 and 2020 growing seasons, respectively, and maize cv.
DKC5032YG (FAO 400) was sown in rows 75cm apart at a
planting density of 89,500 plants ha™'. Maize harvest was done
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with a commercial combine and then the maize stover was
chopped. From harvest to the subsequent maize sowing
(fallow period), the soil was left unvegetated and only covered
by the stover under the MC cropping system. In both growing
seasons, pea residues were chopped after harvest. Differences in
the maize growing cycle between MP and MC modified the
timing of the different management practices in each cropping
system (Supplementary Table 15).

Both cropping systems were irrigated under flood conditions.
Maize crop irrigation requirement (CIR) was determined weekly by
subtracting the effective precipitation, 75% of the total weekly
1978), to the
evapotrantspiration (ETc), considering an irrigation efficiency of

precipitation  (Dastane, weekly  crop
75%. Maize daily ETc was obtained by multiplying the reference
evapotranspiration ~ (ETo),  estimated using the FAO
Penman-Monteith method (Allen et al., 1998), and the maize
crop coefficient (Kc). Maize crop coefficient was determined
using a thermal time function developed on the same
experimental farm (Kiniry, 1991; Martinez-Cob et al., 2008). Pea
irrigation was based on crop development coupled with the soil
water content. The total amount of irrigation water applied in the
MP cropping system was 1,027 and 861 mm in 2019 and 2020,
respectively, distributed in nine different irrigation events. Under the
MC cropping system, 826 and 743 mm of irrigation water were
applied in different irrigation events for the 2019 and the
2020 growing seasons, respectively (Figure 1). Weed control was
carried out by applying a pre-emergence and post-emergence
herbicide for the maize, while only a pre-emergence application
was done for the pea. No pesticides were applied to the maize or the

pea crops.

Soil, plant and gas sampling and analyses

Soil temperature at 5 cm depth and soil moisture at 0-5 cm depth
were measured on every gas sampling date using a Crison TM
65 probe (Carpi, Italy) and GS3 soil moisture probes (Decagon
Devices, Pullman, WA, United States), respectively. Soil water-
filled pore space (WFPS) was calculated using bulk density and
assuming a soil particle density of 2.65 Mgm™ (Danielson and
Sutherland, 1986). Soil mineral N content (ammonium plus
nitrate) from the 0-5cm soil depth was determined by extracting
20 g of fresh soil with 100 ml of 2 M KCl. The extracts were frozen
and later analysed by spectrophotometry.

Soil N,O emissions were measured with the closed chamber
technique (Hutchinson and Mosier, 1981) using polyvinyl
chloride (PVC) chambers (20 cm height and 31.5 cm internal
diameter) yielding an internal volume of 15.5 L and coated with
white thermal paint (Imperlux Termic Outdoor; Arelux,
Zaragoza, Spain) to diminish internal increases in
temperature. In November 2018, a ring was inserted 5 cm into
the soil in each plot, in the inter-row space, removing it only for

tillage, sowing and harvesting operations.
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During the pea phase of the MP rotation and the fallow phase of
the MC system, gas sampling frequency consisted of one sampling
every 21 days. However, during the maize phase of both cropping
systems, the gas sampling frequency was increased. Thus, weekly
measurements were performed from sowing to maize tasselling
growth stage (VT) and every 2 weeks from VT stage until harvest.
Moreover, gas sampling frequency was increased during fertilization
events, taking gas samples 24 h before and 24, 48, 72, 96, 144, and
192h after fertilization. Likewise, gas sampling frequency was
increased after each irrigation event. In each gas sampling 20 ml
of sample were taken in each chamber and transfer to a 12 ml
Exetainer ° borosilicate glass vial (model 038W, Labco, High
Wycombe, United kingdom). Gas sampling was performed
between 06:00 to 07:00 GMT and between 07:00 and 08:00 GMT
during summer and wintertime, respectively.

Gas samples were analysed by gas chromatography using an
Agilent 7890B (Agilent, Santa Clara, CA, United States) equipped
with an autosampler (PAL3 autosampler, Zwingen, Switzerland).
N,O concentration was determined with an electron capture
detector (ECD). The system was calibrated using ultra-high
purity N,O standards (Carburos Metdlicos, Barcelona, Spain).
Emission rates were calculated from the linear increase in the gas
concentration within the chamber during the sampling time (0, 20,
and 40 min after chamber enclosure) and correcting for the air
temperature inside the chamber. The goodness of the N,O
concentration data for fluxes estimation was checked per
chamber and sampling date by assuming an R* > 0.90. When R*
values were lower than this threshold, data were inspected to discard
the possible existence of outliers based on the CO, concentration to
discard chamber leakages during the enclosure time. Cumulative soil
N,O emissions were quantified on a mass basis (i.e., kg N ha™) using
the trapezoid rule (Levy et al,, 2017).

Manual harvest was done for pea and both maize crops to
determine yield components before the whole field harvest. Pea
grain and biomass yield were determined by harvesting two
subsamples of 0.25m” per plot, while maize grain and
biomass yield were determined by harvesting two three-metre
maize rows per plot. After that, grain was separated from the
aboveground biomass and dried separately at 60°C for 48 h to
determine grain and biomass yield. Grain and biomass
subsamples were ground and analysed to determine the N
content by dry combustion (TruSpec CN, LECO, St Joseph, MI).

For 2018, 2019 and 2019, 2020 growing seasons, which
include the bare fallow phase and maize phase, and pea phase
and maize phase for MC and MP cropping systems, respectively,
the EF was calculated from the next expression:

_E- E

EF (%) = ——*x100

where Ei are the cumulative soil N,O emissions from the i
treatment (kg N,O-N ha™'), E0 are the cumulative soil N,O
emissions (kg N,O-N ha™') from the control treatment,
unfertilized, and Nratei is the amount of N fertilizer applied
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in the i treatment including the N surplus derived from the
legume stover (kg N ha™).

Data analysis

Normality assumptions of all the data obtained were checked
in the residuals by a Shapiro-Wilk test. Moreover, when it was
necessary, data were transformed to comply with normality
assumptions. Squared root and logarithm transformations
were performed for grain yield and daily soil N,O fluxes,
respectively. Different repeated measures analysis of variance
(ANOVA) were performed independently for MC and MP
cropping systems and each measurement period with N rate,
date of sampling and their interaction as fixed effects and block
and their interactions as random effects. In addition, ANOVA
analyses were performed for cumulative N,O emissions, grain
yield, N,O yield-scaled emissions and N,O emission factor, with
the cropping system, N rate and their interactions as fixed effects
and block and their interactions as random effects. Simple
regression analysis was used to determine the relationships
between cumulative soil N,O emissions and N rate. The
significance of the model between cumulative soil N,O
emissions and N rate was tested by cumulative soil N,O
emissions logarithm transformation to comply normality
assumption. All statistical analyses were performed with the
JMP 10 statistical package (Institute Inc., 2012).

Results

Soil temperature, soil water-filled pore
space and soil available nitrogen content

In both cropping systems, the sampling date affected soil
temperature. Besides, in the MC system, soil temperature also
showed a significant interaction between sampling date and N rate
(Table 2). Both cropping systems showed a similar temporal pattern
with an increase in soil temperatures during the spring months
(March-June), reaching the maximum values during the summer
period, and a decrease during autumn and winter months (Figure 2).

In both cropping systems, the soil WFPS was only
affected by the sampling date (Table 2). During the first
24 h after each flood irrigation event, a rapid increase in soil
WEPS was observed in both cropping systems reaching up to
100% WEFPS (Figure 2). Thereafter, WFPS tended to decrease
rapidly and within the first 5 days after irrigation soil WFPS
reached 30% (Figure 2).

Soil nitrate and ammonium content under the MC cropping
system were affected by the sampling date and the N rate in both
cropping systems. Besides, the interaction between them was
significant except for the soil nitrate content under the MC
cropping system (Table 2; Figure 2). In both cropping systems,
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following each N fertilizer application, a significant increase in the
soil mineral N content was observed. On the other hand, soil nitrate
and ammonium content presented the lowest values during the pea/
fallow season with average values that did not exceed 25 and
2kgNha™ of nitrate and ammonium, respectively. Only soil
nitrate content showed values greater than 100 kg N ha™ in the
first fallow period for the MC cropping system (Figure 2).

Soil N,O fluxes and cumulative emission

In both cropping systems, soil N,O fluxes were
significantly affected by the the N
the interaction between both
(Table 2). Soil N,O fluxes presented a temporal emission

sampling date,
fertilization rate and
pattern characterized by low flux values during most of the
experimental period followed by a sharply and quick increase
of the soil N,O flux immediately after the application of N
fertilizer. This behaviour resulted in several N,O emission
peaks over the 2years coinciding with the fertilization
events, being these peaks higher during the N top-dressing
applications than during the pre-sowing N applications.

Differences in soil N,O emissions among N rates were
mainly observed during the maize growing seasons and, in
particular, following the N top-dressing application,
observing the greatest N,O peaks under HN treatment in
both cropping systems. However, the magnitude of peaks
differed between cropping systems and maize seasons. Under
the MC cropping system, the greatest daily flux values were
55 mg N,O-N m > day', whereas under the MP cropping
system the maximum fluxes values were 100 and 50 mg
N,O-N m*day' during the 2019 and 2020 maize season,
respectively (Figure 3). Conversely, over both pea/fallow
periods and both cropping systems, soil N,O emissions
presented the lowest fluxes values, alternating positive and
negative fluxes that ranged between -0.5 and 0.5 mg
N,O-Nm?day™" (Figure 3).

The interaction between the cropping system and N
application rate was significant only for the 2019 maize
growing season, observing the greatest emissions in the
MP-HN treatment followed by the MC-HN, while the
lowest cumulative emissions were observed in the two ON
treatments (MC-ON and MP-ON) (Table 3; Figure 4A). In
both pea/fallow seasons, the MP cropping system showed the
highest cumulative soil N,O emissions. Oppositely, in the
2020 maize season, greater cumulative N,O emissions were
observed in the MC system than in the MP cropping system
(Table 3). On the other hand, the N application rate
presented a significant impact on the cumulative soil N20
emissions for all considered periods except during the first
pea/fallow period. In all cases, cumulative soil N,O emissions
increased with the N application rate. Thus, the greatest and
the lowest cumulative N,O emissions were observed in the
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TABLE 2 Analysis of variance (p-values) of daily soil temperature, soil water-filled pore space (WFPS), soil nitrate (NO3z™-N), soil ammonium (NH;*-N)
and soil N,O fluxes for maize monoculture (MC) and pea-maize cropping system (MP) as affected by sampling date (Date), N fertilization rate (N

rate) and their interaction.

Cropping system ANOVA table Soil temperature

MC Date < 0.001
N rate n.s.*
Date x Nrate < 0.01

MP Date < 0.001
N rate n.s.
Date x Nrate n.s.

Note. *n.s., not significant at the 0.05 probability level.

ON and HN levels, respectively (Table 3). Besides, in both
fertilized treatments, the MP cropping system showed a
reduction in the cumulative soil N,O emissions of 60%
and 55% between seasons for the pea and maize cropping
seasons, respectively (Table 3). Additionally, over both maize
growing seasons, the cumulative soil N,O emissions showed
a significant positive exponential response to the increase of
N fertilization rate with large N,O emissions when N rate
exceeded 200 kg N ha™' (Figure 5).

Grain yield, N,O yield-scaled emissions
and nitrogen emission factor, EF

Grain yield was significantly affected by the N application
rate but neither the cropping system nor the interaction between
both had an impact on the grain yields. In both growing seasons
and for the whole experimental time, the unfertilized treatment
(ON) always showed the lowest grain yield. Regarding fertilized
treatments, there were no significant differences between the HN
and the MN treatments in both growing seasons or the whole
experimental period (Table 4).

In both growing seasons and considering also the entire
experimental period, the grain yield-scaled emissions were
significantly affected by the Nrate. In all cases, the greatest
grain yield-scaled emissions were observed under the HN
treatment, while the lowest values were observed under the
ON treatment. On the other hand, the cropping system only
showed significant differences for the 2018-2019 season,
reporting greater yield-scaled emission in the MP system than
in the MC system (Table 4).

The nitrogen emission factor only showed significant
cropping
2019-2020 growing season, presenting MP lower values

differences between systems during
compared to MC cropping system. Conversely, the Nrate
affected the EF in both growing season, reporting the HN rate
the greatest EF values in both seasons. Moreover, in both seasons
and for all treatments, the EF always showed values below 1%

(Table 4).
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Soil WFPS Soil NO5;™-N Soil NH,*-N Soil N,O fluxes
< 0.001 < 0.001 < 0.001 < 0.001

n.s <001 <001 <001

n.s n.s. < 0.001 < 0.001

< 0.001 < 0.001 < 0.001 < 0.001

n.s <001 <0.05 <001

n.s <001 <0.05 < 0.001

Discussion

In this study, in irrigated Mediterranean systems, the change from
maize monoculture to a more diversified system with a double annual
rotation with pea and maize and the adjustment in N fertilization
rates had a significant impact on soil N,O emissions. In general, the N
rate positively affected daily soil N,O fluxes, but significant differences
among N rates were observed after fertilizer applications. In both
years and cropping systems, significant N,O emission peaks were
measured right after the application of N fertilizer as observed in other
maize experiments in irrigated Mediterranean conditions (Franco-
Luesma et al,, 2019; Pareja-Sanchez et al., 2020). The soil N,O flux
peaks observed during top-dressing applications were higher than the
peaks measured in the pre-sowing applications. Maize top-dressing
applications are performed during the warmest months of the year
and, in turn, when irrigated events are concentrated over the year.
Therefore, the increase in available soil mineral N after fertilization
together with high soil moisture levels (70%-80% WEFPS) and high
soil temperatures boosted high soil N,O peaks (Franco-Luesma et al,,
2020). The combined effect of these three factors (high moisture,
temperature, and soil mineral N) resulted in favourable conditions for
the production of soil N,O by denitrification (Sanchez-Martin et al,
2010; Butterbach-Bahl et al., 2013).

Soil N,O emissions during the legume growth season tended to
be lower than during fertilized crops (Jeuffroy et al,, 2013; Lemke et al.,,
2018). However, in our case, cumulative soil N,O emissions in the pea
phase of the MP rotation were greater than in the fallow phase of the
MC system, similar to the results reported by Davis et al. (2019) in a
study that compared different cropping systems such as bare fallow-
maize, cereal-maize and hairy vetch-maize. Likewise, other authors
(Rochette et al., 2004; Jensen et al., 2012; Schwenke et al., 2015;
Hansen et al, 2019) have also observed an increase in soil N,O
emissions associated with the growth of legumes, concluding that
possible increases in N,O during the growth of legumes may be the
consequence of higher soil labile N availability by the mineralization
of legume roots and fallen leaves. In our experiment, the difference in
cumulative soil N,O emissions between the pea and fallow phases
varied between years, a fact that would be explained by the differences
between the systems, legume crop against a bare soil fallow, as well as
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FIGURE 2

Soil temperature at 5 cm depth, soil water-filled pore space (WFPS) and soil mineral N content for the 0—5 cm soil depth in the maize
monoculture (MC) system and the pea-maize (MP) rotation as affected by soil N rate: ON (unfertilized), MN (medium N rate) and HN (high N rate).
*Indicates significant differences between treatments within a date at p < 0.05. Black triangles indicate fertilizer applications. White triangles indicate

flood irrigation events.

the different pea crop performance between seasons rather
than the biological N, fixation process associated to the
legume crops (Zhong et al, 2009). During the first year
(2019), cumulative soil N,O emissions in the pea phase
were about tenfold higher than in the fallow phase but in
the second year (2020) this difference was only twofold. One
possible explanation for this difference would be the different
pea growth observed between the two growing seasons. In
2019, the pea crop showed an exceptional growth reaching
grain yield values up to 3,400 + 502 kg ha™' (data not shown).
However, in the following year, pea yield values did not exceed
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820 + 147 kgha™' (data not shown). Then, the higher pea
biomass production in 2019 led to higher N release from
mineralized aboveground biomass and roots, resulting in an N
supply at the end of the season of 257 and 57 kg N ha™" for 2019 and
2020 pea seasons, respectively. This fact explained the greatest
soil N,O emissions found in the pea phase compared to the
soil bare fallow due to mineralization of the pea dead biomass
during the pea growing season and also the highest soil N,O
emissions measured during the 2019 pea/fallow season
compared to the 2020 pea/fallow season. Likewise, this
difference in N release from the legume biomass between
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TABLE 3 Analysis of variance of cumulative soil N,O emissions for pea or fallow phases (Pea/fallow) and maize season (Maize) during 2019 and
2020 and the entire study duration (Total) as affected by cropping system (maize monoculture, MC; pea-maize rotation, MP), N fertilization rate
(control, ON; medium rate, MN, and high rate, HN) and their interaction.

Treatments Cumulative soil N,O emissions (kg N,O-N ha™)

Pea/fallow 2019 Maize 2019 Pea/fallow 2020 Maize 2020 Total

Cropping system (Crop)
MC 0.05 b 1.92 0.12b 201 a 3.79
MP 0.56 a 2.98 022 a 133 b 5.09

N fertilization rate (N rate)

ON 0.20 038 ¢ 0.10 ¢ 0.30 ¢ 1.07 ¢
MN 0.30 1.85b 0.18 b 1.46 b 3.89b
HN 0.40 512 a 025a 336a 929 a
ANOVA (p-values)

Crop < 0.05 n.s.x* < 0.05 < 0.05 n.s.

N rate n.s. < 0.001 < 0.05 < 0.001 < 0.001
Crop x N rate n.s. < 0.05 n.s. n.s. n.s.

Note. For each variable, measurement period and effect, values followed by different letters are significantly different according to Tukey test at 0.05 level. *n.s., non-significant.
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FIGURE 3
Soil N,O fluxes in the maize monoculture (MC) system and the pea-maize (MP) rotation as affected by soil N rate: ON (unfertilized), MN (medium

N rate) and HN (high N rate). * Indicates significant differences between treatments within a date at p < 0.05. Black triangles indicate fertilizer
applications. White triangles indicate flood irrigation events.

both pea seasons would explain the greater soil N,O emissions well as the greater soil N,O emissions observed under the MP
found in the maize phase during the 2019 growing season cropping system in the 2019 growing season compared to
under the MP system compared to the MC cropping system, as 2020 growing season.
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TABLE 4 Dry grain yield, yield-scaled emissions and nitrogen emission factor for the growing season periods of 2018, 2019 and 2019, 2020 and the
total experimental period as affected by cropping system (Crop) (maize monoculture, MC; pea maize cropping system, MP), nitrogen application
rate (Nrate) (Control, ON; Medium rate, MN, and High rate, HN) and their interactions.

Effects and levels’  Dry grain yield" (Mg grain ha™)

Yield-scaled emissions (kg N,O-N

Emission factor (%)

Mg grain ha™)

——————————— Season Season Season ————-
2018-2019  2019-2020 Total 2018-2019 2019-2020 Total 2018-2019  2019-2020
Crop n.s* n.s. n.s. < 0.05 n.s. < 0.05 n.s. < 0.05
MC 11.44 (1.23) 6.82 (1.28) 16.74 (2.45) 159 (30) b 274 (59) 198 (43) b 0.69 0.87 b
MP 8.97 (0.70) 5.44 (0.97) 13.42 (1.38) 411 (121) a 209 (519) 335(80)a 072 055 a
Nrate < 0.001 < 0.001 < 0.001 < 0.001 <0.05 <0.01 <0.05 <0.05
ON 7.84 (0.92) b 2.62 (0.49) ¢ 872 (121) b 78 (12) ¢ 104 (45) ¢ 102 (18) ¢
MN 1071 (L.16) a 557 (0.68) ab 1535 (1.74)a 235 (61) b 213 (45) b 264 (53) b 051b 0.59 b
HN 11.88 (1.33) a  9.29 (0.86) a 21.18 (1.90) a 542 (143) a 377 (35) a 488 (83)a  0.89a 0.76 a
CropxNrate n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
MC-ON 7.22 (1.66) 2.08 (0.56) 8.61 (2.15) 80 (16) 198 (14) 115 (32)
MC-MN 12.53 (0.65) 6.61 (0.92) 16.93 (1.33) 131 (20) 145 (17) 123 (79) 0.55 0.78
MC-HN 14.57 (0.78) 10.12 (0.24) 24.69 (0.66) 266 (30) 415 (16) 318 (22) 0.83 0.97
MP-ON 8.76 (1.17) 2.98 (0.67) 8.82 (1.27) 16 (22) 40 (22) 92 (24)
MP-MN 8.89 (1.74 4.88 (0.44) 13.77 (2.16) 340 (86) 236 (55) 310 (71) 0.48 045
MP-HN 9.20 (1.03) 8.46 (1.72) 17.66 (2.29) 818 (159) 351 (57) 600 (83) 0.96 0.65

For each variable, measurement period and effect, values followed by different letters are significantly different according to Tukey test at p = 0.05 level. *n.s. non-significant. * For the pea
maize cropping system, the dry grain is the sum of the pea and maize grain dry yield. "Values in brackets represent the standard error.Bold highlighting the p-values.

During the second year (2020), the maize phase of the MC system
presented greater emissions than the maize phase of the MP rotation.
However, in 2019, no significant differences were observed between
MC and MP. As commented previously, there was a great difference in
the pea production obtained in both years. During the 2020 maize
growing season, the lower N inputs from pea residues together with the
reduction of N fertilizer in the fertilized treatments (50 kg N ha™ less N
fertilizer than that in the MC plots) resulted in lower soil N,O
emissions in the MP rotation compared with the MC system.
However, oppositely, in 2019, when greater pea production was
obtained, the maize after pea with the highest N rate (MP-HN)
achieved the greatest cumulative soil N,O emissions, being greater
than the maize monoculture at high N rates (MC-HN). This finding is
in agreement with the results finding by other authors (Drury et al,
2008; Adviento-Borbé et al,, 2010; Saha et al, 2021) who reported
greater soil N2O emissions during the maize phase of the maize-
legume cropping system compared to systems that did not include
legume.

In the MP rotation, the build-up of soil N levels, as a result of the
noteworthy amount of pea stover left after the 2019 pea season
(average N supply from aboveground pea biomass of 257 kg N ha™,
data not shown) together with the significant amount of N applied in
the HN rate (350kgNha™) boosted soil N,O emissions.
Interestingly, this behaviour, however, was not observed when
the maize was fertilized with adjusted N rates (MN) considering
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that in MN rates, independently of the precedent phase (pea or
fallow), soil N,O emissions during maize were similar.

In Mediterranean systems, intensive irrigated crops involve large N
additions (Cela et al, 2011). In our experiment, soil N,O losses
positively responded to the amount of N applied, particularly,
during the maize phase (Bouwman et al, 2002; Cayuela et al,
2017). Cumulative soil N,O emissions showed a non-linear response
to the N application rates as has been observed in several studies
(McSwiney and Robertson, 2005; Hoben et al., 2011; Kim et al,, 2013;
Shcherbale et al, 2014). This non-linear response of the soil N,O
emissions to the soil N content was emphasised when the N application
rate exceeded the 200 kg N ha™, N dose that coincided with the upper
range of the optimal N rate, 160 and 200 kg N ha™", for irrigated maize
conditions in NE Spain (Berenguer et al,, 2008; Pareja-Sanchez et al,
2020) and reached the maximum emission at 400 kg N'ha™. This
behaviour of the soil N,O emissions was explained by the N surplus
which remained available in the soil for the production of N,O by soil
microorganisms. Therefore, the high N rates considered in our
experiment consisting of 400 and 350 kg N ha™ rates (MC and MP,
respectively) would have greatly surpassed the N needs by the maize
crop and thus favour soil N,O emission.

The increase in the N application rate did not have a significant
impact on the grain yield. In none of the growing seasons nor the
entire experimental period. This finding is in concordance with
other studies (Binder et al., 2000); Pareja-Sanchez et al. (2020) that
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reported similar maize grain yields when they applied medium and
high nitrogen application rates, showing the existence of an optimal
N application rate between 150-200 kg N'ha™ (Berenguer et al,
2008). Conversely to the grain yield, the grain yield-scaled emissions
always showed significant differences between fertilized treatments,
with the lowest yield-scaled emissions in the Medium treatment. The
non-linear response of the cumulative soil N,O emissions to the N
application rate, which resulted in the highest cumulative soil N,O
emissions under the HN treatment could not be compensated by the
differences in grain yield between the High and the Medium N rates.

Emission factor values reported in this study presented an EF
value lower than the 1% established by the Intergovernmental Panel on
Climate Change (IPCC, 2014). The mean EF obtained (0.71%) is in
agreement with the EF reported by Cayuela et al. (2017) for irrigated-
maize cropping with N application rates between 100 and
400kgNha™” in a meta-analysis study for the Mediterranean
region. Besides, and in agreement with Kim et al. (2013),
Shcherbak et al. (2014) and Cayuela et al. (2017), the application of
a nitrogen dose higher than the optimal N rate leads to an increase in
the EF values, observing always the greatest EF values under the
highest N application rates.

Conclusion

The results presented in this work showed that cropping
diversification and N fertilization affected soil N,O emissions.
The impact of introducing a pea crop in maize monocultures
depends on the quantity of residues produced by the pea,
particularly when maize is fertilized at high N rates. However, at
optimal N rates, soil N,O emissions during the maize crop are
similar independently of the precedent phase (pea or fallow).
Likewise, the application of N at optimal rates led to a reduction
of yield-scaled emissions and N emission factor which showed
values lower than the 1% nitrogen emission factor proposed by
the IPCC. Our study only comprised 2 years of results, therefore
conclusions should be taken with caution since further research is
needed to address the mid-/long-term impact of legume
incorporation and N fertilizer rates on maize soil N,O emissions.
Nonetheless, the results obtained in this work pointed out the
importance of considering the N release from legumes and the
adjustment of N rates to crop requirements to reduce soil N,O
emissions in irrigated maize systems of Mediterranean areas.
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