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ARTICLE INFO ABSTRACT

Handling Editor: Daniel Said-Pullicino. The sustainability of rainfed crops under semiarid conditions is threatened by low plant nitrogen (N) recovery as
well as the potential loss of reactive N to the environment. A field °N tracing experiment on barley (Hordeum

Keywords: vulgare L.) under rainfed conditions was carried out to study how different tillage management practices and the

Enhanced-efficiency fertilizers use of the nitrification inhibitor DMPSA affected the fate of N. The experiment consisted of a factorial combi-

Cmp, residue management nation of tillage (i.e., no tillage, NT, and conventional tillage, T) and fertilizer treatments (unfertilized control
Mediterranean agroecosystems

. . and ammonium nitrate, AN, with or without DMPSA). Single-labelled ammonium nitrate (15NH4N03, 15AN, or
Gross mtrogen transformation rates 15 15 . . . -1
15,0 NH4°NO3, A"°N) was applied at top-dressing to microplots at a rate of 80 kg N ha™". Our results show out that
Nitrogen use efficiency DMPSA modulates the nitrification process from both fertilizer-N and endogenous soil-N (which was the main
contributor to plant N uptake and N2O emissions), affecting soil residual N at the end of the cropping period (i.e.,
higher topsoil retention of >AN in DMPSA-amended plots). Generally, cumulative NoO emissions from fertilizer
were derived from AN rather than from A'®N, thus confirming the site-specific choice of the source of synthetic
N as an effective N3O mitigation strategy. Two months after harvest, a rewetting event produced a remarkable
N20 emission peak that drove total cumulative N2O emissions and was also mainly derived from endogenous N.
These results suggest that dry seasons could decrease N,O losses after fertilization while causing critical peaks
after rewetting, thus potentially limiting the effectiveness of mitigation strategies. The average plant N recovery
from the synthetic fertilizer was 22.6%, while the use of DMPSA combined with NT enhanced plant N uptake
from endogenous soil-N. This could be a result of the improved crop development and plant N acquisition under
NT, consistent with the decrease of soil N retention for AN in the deeper layer at the end of the experiment in
the nontilled plots. This study contributes to the mechanistic understanding of the effect of nitrification inhibitors
and tillage on N2O emissions, soil N dynamics and N plant recovery, revealing relevant effects of both man-
agement strategies and a critical role of endogenous soil-N under dry rainfed conditions. It can be concluded that,
under the conditions of our study, combining DMPSA with NT could help to improve plant N recovery, thus
resulting in positive impacts on reactive N loss and climate change mitigation and adaptation.

1. Introduction human population and consumption during future decades will increase
the use of synthetic N fertilizers. Fertilized soils are identified as the

Nitrogen (N) is, together with water, one of the most important crop largest anthropogenic contributor to nitrous oxide (N2O) emissions
yield-limiting factors (Quemada et al., 2020). The expected increases in (Smith et al., 2008). The atmospheric concentrations of this gas have
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increased approximately 14% since 1940 and have increased substan-
tially in the last decade (Thompson et al., 2019). Nitrous oxide is not
only a greenhouse gas (GHG) whose global warming potential is 273
times higher than that of COy (Foster et al., 2021), it also plays an
important role in the depletion of stratospheric ozone (Ravishankara
et al., 2009).

Nitrification and denitrification are the main microbial processes
that lead to the production of N»O in soils (Butterbach-Bahl et al., 2013;
Ussiri and Lal, 2013). These processes are directly affected by the
addition of an external N source, although environmental conditions (e.
g., climate, soil) and agricultural practices also have an important effect
on soil N2O emissions (Cayuela et al., 2017; IPCC, 2022). Mineral N
inputs change the rate of microbial decomposition of soil organic matter
(SOM) and crop residues (Elrys et al., 2021), thus increasing the pool of
reactive N in the soil. This priming effect could also contribute to
increased N3O emissions, as shown in recent laboratory studies using
15N tracing with increases of 19% (Roman-Perez and Hernandez-
Ramirez, 2021) and up to 24% (Thilakarathna and Hernandez-
Ramirez, 2021) following urea addition.

The integration of crop residues in the N cycle is a key factor for the
sustainability of agriculture in semiarid areas (Berhane et al., 2020).
Management of C-rich crop residues requires optimum N fertilization to
prevent N immobilization (Yansheng et al., 2020), particularly during
early crop stages. Crop residues can be incorporated into the soil by
conventional tillage (T) or retained on the soil surface through no tillage
(NT) practices, a decision that has a key influence on N3O emissions
(Huang et al., 2018). For instance, Abalos et al. (2013) observed that the
incorporation of maize stover residue with a high (>70) C:N ratio
increased NoO emissions c. 105%. This could be associated with an
enhancement of denitrification due to the interaction between high-C
content crop residues with mineral N from dressing fertilization. In
non-tilled soils, soil organic C (SOC) accumulates in the topsoil, thus
increasing the availability of labile organic C for denitrifiers and mineral
N for both nitrifiers and denitrifiers (Shakoor et al., 2021).

One of the most effective strategies for reducing N2O emissions in
fertilized crops is the use of nitrification inhibitors (NIs) (Xia et al.,
2017). These products retard the conversion of ammonium (NHZ) into
hydroxylamine, the first step of nitrification, thereby reducing the
amount of nitrate (NO3), which can be easily leached or lost through
denitrification (Ruser and Schulz, 2015). Several studies have demon-
strated the enhancement of plant N use efficiency and the reduction of
NoO emissions using NIs at a global scale (Qiao et al., 2015). The
effectiveness of the NI (3,4-dimethyl-1H-pyrazol-1-yl) succinic acid
isomeric mixture (DMPSA) (CA 2,933,591 Al 2015/06/18 Patent) in the
mitigation of N2O emissions has been successfully tested at the field
scale (Souza et al., 2021; Cheng et al., 2022; Huérfano et al., 2022). The
non-polarity of DMPSA improves the availability of dimethylpyrazole
(DMP) in the soil and increases the amount of fertilizer that it can be
combined with (e.g., urea, calcium ammonium nitrate, diammonium
phosphate) with respect to 3,4-dimethyl pyrazol phosphate (DMPP),
another DMP-based NI (Pacholski et al., 2016). It has been observed that
the N,O mitigation of DMPSA is enhanced by NT compared with T under
humid rainfed conditions (Corrochano-Monsalve et al., 2020). However,
information is scarce regarding the interaction between tillage and in-
hibitors under semiarid (e.g., dry Mediterranean) conditions. The effi-
ciency of these strategies might be compromised by the emission pattern
in semiarid zones, especially in dry seasons when rewetting events can
have a large influence on annual N3O fluxes (Barrat et al., 2021). In
addition, there is a trend of increasing aridity as a consequence of
decreasing precipitation and increasing temperatures in semiarid Med-
iterranean areas (Paniagua et al., 2019). Therefore, there is a need to
improve the understanding about how these climatological conditions
could affect the effectiveness of the above-mentioned strategies,
particularly from a mechanistic viewpoint, i.e., exploring the fate of N
and the predominant biochemical processes.

Tracing the fate of fertilizer N applied to soil has received attention in
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recent years because of its close links to N use efficiency and resulting
environmental impacts (Sha et al., 2020). Labelled 5N tracing tech-
niques are useful tools that have been widely used not only to monitor
the fate of the applied N (Couto-Vazquez and Gonzdlez-Prieto, 2016;
Wang et al., 2016; Guardia et al., 2018), but also to accurately quantify
the recovery of the fertilizer applied in crop biomass (as well as the
relative contribution of endogenous N) and other N pools. A meta-
analysis of !°N enrichment experimental data reported an average
enhancement of 10.5% in crop fertilizer N recovery when NIs such as
DCD or DMPP were applied (Sha et al., 2020). However, this study
highlighted that there is a lack of knowledge regarding DMPSA appli-
cation, particularly in rainfed semiarid crops. Moreover, Thilakarathna
and Hernandez-Ramirez (2021) found, in a greenhouse experiment, that
the inhibition of nitrifier activity affected exogenous fertilizer NHf and
also tended to affect the endogenous NHJ released during the mineral-
ization of SOM and suggested this tendency should be explored using
15N enrichment under field conditions.

In this context, we set up a field experiment aiming to evaluate, using
15N tracing, how tillage management and the use of DMPSA with
ammonium nitrate could affect NoO emissions as well as the fate of
synthetic N (soil NHj and NO3, crop N recovery and soil N retention).
With regards to N3O fluxes, a key objective of this study was to evaluate
the efficiency of the DMPSA inhibition potential over both exogenous
(fertilizer) and endogenous NH;;r as well as the relative contribution of
NHJ and NO3 to fertilizer-derived NoO emissions. We hypothesized that
i) DMPSA would mitigate N2O emissions from nitrification of both
exogenous and endogenous NH4-N in T and, particularly, in NT and ii)
nitrification would be the main process affecting NoO emissions, as
commonly observed in calcareous and low SOM content soils.

2. Materials and methods
2.1. Field microplot experiment

A field experiment using a barley crop (Hordeum vulgare L. ‘Esterel
R1’) was carried out in the National Center of Irrigation Technology
“CENTER” in Madrid, Spain (40" 25’ 1.31”" N, 3" 29’ 45.07”" W). The
area has a Mediterranean semiarid climate with high interannual rain-
fall variability. The soil has been classified as a Typic xerofluvent (Soil
Survey Staff, 2014) with a silt loam texture in the upper horizon (0-10
cm). The main physicochemical properties of the topsoil before this
study are included in Table S1. The barley crop was sown on 17
December 2018 at 200 kg seed ha™!. 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.

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 ammo-
nium 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 Fig. S1. Fertilized
subplots received 40 kg ha ™! of urea at sowing (27 November 2018) and
80 kg N ha™! of CAN at top dressing (14 March 2019).

Additionally, two microplots (1 m x 1 m) were established within
every subplot before top dressing fertilization, except in the unfertilized
plots (Fig. S1). 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
amended with 2 L of NH4NO3 (AN) solutions enriched with BN ataN
rate of 80 kg N ha~! on 14 March 2019. The solutions consisted of
I5SNHI*NO3 (°AN) or MNHIPNO;3 (A°N) (10 atom % !N, Campro
Scientific) with or without DMPSA and were homogeneously applied
with a hand sprayer. 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
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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 severe drought conditions. The barley was
harvested on 13 June 2019. The results presented here are based on the
analyses performed in the '°N fertilized microplots and to the NO sub-
plots after top-dressing N fertilization.

2.2. Nitrous oxide sampling, analysis and flux calculation

Fluxes of NyO and °N,0 were measured 2-3 times per week during
the first month after top-dressing fertilization. Afterwards, the sampling
frequency decreased progressively until the end of the field experiment
(7 November 2019), including the period after rainfall/irrigation events.
The closed chamber technique was used to take gas samples, as
described in detail by Guardia et al. (2021). One opaque manual static
chamber (12.5 L) was placed in every microplot and control subplot
(Fig. S1). Gas samples were taken at times t, t3g and tgo (after 0, 30 and
60 min.) from the headspaces of each chamber using 100 ml syringes
fitted with 3-way stopcocks. The concentration of N3O in the gas sam-
ples was determined using an HP-6890 gas chromatograph (GC)
equipped with a headspace autoanalyzer (HT3), both from Agilent
Technologies (Barcelona, Spain), with a y-ECD detector. More detailed
information is available in Montoya et al. (2021). Fluxes of NoO were
calculated from the slope of the linear regression between concentration
and time, and the ratio between chamber volume and soil surface area.
Cumulative N2O-N emissions during the sampling period were estimated
by trapezoidal integration of daily fluxes (Cowan et al., 2019).

In the microplots amended with a 1°N source, an additional gas
sample was obtained at 60 min after closure for >N,O analyses using
preevacuated 12 ml Exetainer gas chromatography vials (Labco Limited,
Lampeter, UK). Background gas samples were taken at 0 min in one
replicate of each treatment. The vials were sent to a laboratory (Roth-
amsted Research, North Wyke) to measure the I5N enrichment of N,O
using a TG2 trace gas analyser interfaced to a 20-22 isotope ratio mass
spectrometer (both from SerCon Ltd., Crewe, UK). The N,O in the
headspace of the chamber was a mix of atmospheric N2O at the time of
chamber closure and the NoO emitted from the soil. To obtain the 15N
abundances of emitted NoO (atom % 1°N,), the following equation was
used:

atom%" Ny = (at0m%" Npix X Cpui — atom%' Ny X Cair)/ Com (€8]

where ‘atom % °Np;’ and ‘atom % 1°Ng; are the °N abundances of
samples and ambient air (0.362%, the mean natural 15N in our samples),
respectively; and ‘Cep,’, ‘Crix’ and ‘Cg;r” are the concentrations of NoO in
the headspace (UL N;O L™1) corresponding to the emission, total sample
and atmospheric air (Li et al., 2016) and Cpix = Cem + Cair-

The daily N2O fluxes derived from fertilizer (N2O-Np.,) were calcu-
lated according to Guardia et al. (2018):

15
ape NZOem
N,O-Ny,,; = N,O-N _ 2
2 fert 2 X ( ape N, ) 2
N>O-Npoyy = (N2O-Nisan) + (N20-Nyisy) 3

where ‘N,O-N’ is the daily N,O emission (mg N m~2 d~1). Background
15N,0 (0.362%) was subtracted from the atom % I5Nem to calculate the
atom percent excess (ape) of emitted N2O (ape 15N,0em). The '°N ape of
the fertilizer (ape 15me) was calculated by subtracting the mean natural
abundance of atmospheric N,O (0.3663 atom % 15N) from the fertilizer
enrichment. The N,O emissions derived from fertilizer '°AN or A'°N
were expressed as ‘N20-Njsan’ or ‘N20-Najsn’, respectively.

To obtain the N5O flux that was derived from soil (N20-Ny,;), the
following equation was used:

N,O-Nyyiy = (N,0-N) — (N,O-Nyspn) — (N20-Nyysn) ()]
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2.3. Soil and plant sampling

Soil samples were collected two to three times per week during the
15 days after fertilization (DAF) using stainless steel cores (5 cm diam-
eter, 10 cm length). Afterwards, the sampling frequency was reduced
and soil samples were taken after rain or irrigation events. Fresh soil
samples were stored at —20 °C for further mineral N and mineral >N
analyses. In addition, soil was sampled at three depths (0-10, 10-20 and
20-40 cm) at the end of the experiment (7 November 2019) using a
stainless steel auger. At the laboratory, fresh soil samples were ho-
mogenized and then separated into two subsamples: one subsample was
stored at —20 °C for mineral N analysis, and the other subsample was air
dried, ground using a ball mill and stored at room temperature for total
N and total '°N analysis.

On 13 June 2019, barley plants (shoot and root systems) were
sampled using a 0.25 m? square, 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 fol-
lowed by 5 min with deionized water (Garcia-Gomez et al., 2015). The
aboveground biomass and roots were dried to a constant weight at 75 °C,
ground using a ball mill and stored until analysis.

2.4. Soil and plant analyses

Water-filled pore space (WFPS) was calculated in fresh soil samples
by dividing the volumetric water content (obtained by multiplying the
dry-basis gravimetric water content by the bulk density) by the total soil
porosity. A particle density of 2.65 g cm™> was assumed for the calcu-
lations. The gravimetric water content was determined by oven-drying
the soil samples at 105 °C until constant weight.

Mineral N (NH4-N and NO3-N) was extracted from fresh homoge-
nized soil samples using 1 M KCl (1:6.25, w:v). Soil extracts were filtered
using a) Filter-Lab 1250 cellulose filters previously washed with 1 M KCI
to analyse '>NHZ-N and '°NO3-N; and b) 0.45 um cellulose filters
(Teknokroma) to measure NH4-N and NO3-N concentrations by auto-
mated colorimetric determination using a flow injection analyser (FIAS
400 Perking Elmer) provided with a UV-vis spectrophotometer detector.
Both soil extracts were stored at —20 °C until analysis.

The '>NH{ and '°NO3 in the soil extracts were sequentially trans-
ferred in the form of NHj3 to an acidified cellulose disc using the
microdiffusion technique described by Hart and Stark (1994) with some
modifications. Detailed information can be found in the supplementary
material. Total N and '°N in discs from both diffusions of each extract
were analysed by isotope ratio mass spectrometry (IRMS) at the Inter-
departmental Investigation Service at Universidad Auténoma of Madrid
(SIdI-UAM) through combustion of samples using an elemental analyser
Thermo 1112 Flash HT hyphenated to an IRMS Thermo Delta V
Advantage.

To determine how much NH4-N or NO3-N in the soil came from the
fertilizer or from the soil, the following equations were used:

NH Nysay (or NH. -Nyssy) — Total NHI-N x (26— Nier )
4 ~IN15aN 4 ~INai1sn 4 ape 15 Nyow
NH{ -Ny,iy = Total NH{-N — (NH{ -Nisav) — (NHF-Naysw) (6)

where ‘NH4-Nisan’ (or NHf-Nazsy) is the NHZ-N in the soil that was
derived from '°AN or AN fertilizer (kg N ha™1), respectively. The ‘Total
NHJ}-N’ is the concentration of NHZ-N total in soil obtained from the
results of the first microdiffusion. The ‘ape 15Nﬁlm’ 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-Nisan’, ‘NO3-Naisn’, and ‘NO3-Ngoi’
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using the results obtained in the second microdiffusion. For these cal-
culations, ‘Total NO3-N’ is the concentration of NO3-N in soil obtained by
the results from the second microdiffusion.

The gross N mineralization rate (i.e., an indicator of the amount of
organic-N that is mineralized to NHj by ammonifiers) was estimated
from the rate of dilution of '°N enrichment in the NHZ pool and from the
change in the total NHJ pool size, following the equations of Kirkham
and Bartholomew (1954). The gross N nitrification rate was calculated
from the equations of Ruppel et al. (2006).

The total N and '°N contents in the soil depth samples and in the
plant material were analysed by IRMS at SIdI-UAM. Calculations of the
contribution of each labelled fertilizer (">AN o A'®N) to the N uptake by
plants and to the N retention in soil were calculated according to
Guardia et al. (2018):
ape> N pianr

plant_Nysay (or plant_Nasy) = plant TN X @)

ape®>Npr
plant_Ny,,, = plant_N\ssy + plant_Ny sy 8

where ‘plant Nis5an’ (or ‘plant Najsn’) is the N in each part of barley plant
that was derived from °AN or A'°N fertilizer, respectively. ‘plant. TN’ is
the total N uptake in the corresponding part of the plant (kg N ha™1),
obtained by multiplying the N % in the plant by the crop yield (kg ha™!)
x 100. The ‘ape 15Np1am’ was obtained by subtracting the background
atom % '°N (0.3663 atom % '°N) from the atom % '°N in the plant
sample.
Plant N derived from soil (plant Ny,;) was calculated as follows:

plant_Ny,; = plant TN — plant_Ny,, 9

This calculation assumes that the plants did not discriminate be-
tween '°N and N sources of fertilizer N.

Calculations for ‘soil Nfer, ‘s0ilNisan’, ‘SOiLNasn’, ‘S0il Ny’ and
‘apesoil” at the three different soil sampling depths were similar to those
for ‘plant N’. ‘Soil TN” is the total N at the corresponding soil depth,
obtained as follows:

$0il_TN = (s0il_-N% x bulk density x N fertilization rate)/100 (10)

The N fertilizer recovery (%) in plants and soil was calculated as
follows:

plant Ny, (or s0il_Ng) 100 an

lant _Necovery (OF SOULN verontion) =
P mwmy( rerenion) N fertilization rate

2.5. Statistical analyses

Data analysis was performed using Statgraphics® Centurion 19
software. Data distribution normality and variance uniformity were
verified by the Shapiro-Wilk and Levene’s test, respectively, and inverse
or log transformations were applied before analysis when necessary.
Two-way ANOVAs were conducted to analyse the significant differences
in tillage and fertilization factors (and in the interaction between them).
The LSD test at P < 0.05 was used for multiple comparisons between
means. To analyse the differences between N derived from AN and N
derived from AISN, an additional factor (*°N labelling, I5AN or A®N)
was included in the general linear model for the ANOVA, in addition to
tillage and fertilization (i.e., split-split-plot).

3. Results
3.1. 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
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postharvest period (26 August) after several weeks of drought and high
air and soil temperatures (Fig. 1a). Throughout the experimental period
(from March to November), the minimum and maximum soil tempera-
tures (10 cm depth) were 10.9 °C and 25.8 °C, respectively, with a mean
temperature of 19.3 °C (Fig. 1a).

The WFPS (Fig. 1b) ranged from 10.2% to 62.6% during the pre-
harvest 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 dif-
ferences in WFPS were found between the tillage systems.

3.2. Mineral N, >’N-NH{ and °N-NO3 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 sig-
nificant differences between tillage management or fertilization treat-
ments (Fig. S2a). Until harvest, the mean NHZ concentrations in the soil
were in the following order: AN + DMPSA > AN > NO, with no effect of
tillage (Table 1).

The results of NH4-N obtained from the microdiffusions in soil ex-
tracts from 14 March to 4 April are included in Fig. 2, showing that
75.4% (on average) of NHZ-N was derived from top-dressing N fertil-
ization (Table 2). Significant differences in fertilization treatments were
observed only for NH4-Nj5an, which was higher in AN + DMPSA (by
75.1% on average) with respect to AN.

The soil NO3 concentration ranged from 10.3+3.9 to 52.3+5.8 mg
NO3-N kg’l the day before top-dressing fertilizer application (13
March), with a significantly higher concentration in the T plots than in
the NT plots (Fig. S2b). The mean NO3 concentration in the T plots was
double that of the NT plots in the preharvest period (Table 1). However,
DMPSA did not affect the NO3 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 S2).

During the period from 14 March to 4 April, significant differences in
soil management were observed for NO3-Ng, (Fig. 3), which was on
average 2.5 times higher in T than in NT (Table 2). This was not
observed for NO3-N¢t (neither for I5AN nor for A°N). On average, N
fertilization (\°AN + A15N) contributed to 35.5% and 52.9% of the NO3
concentrations in the soil in T and NT, respectively. The NO3-Njs5an
concentrations were lower than those of NO3-Na1sn (Fig. 3, Table 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 S3). In general, the largest values of gross mineralization rates
were obtained during the first 24 h, 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 S3).

3.3. N0 and 15N20 emissions

3.3.1. Emissions after top dressing fertilization (preharvest period)

The main N»O emission peaks occurred immediately after the second
irrigation event (i.e., 61 days after N application), reaching 0.49 mg N
m~2d!in NT AN (Fig. 4a). Cumulative N,O fluxes before harvest were
in the following order: AN > AN + DMPSA > NO (Fig. 5), with the
emissions from AN + DMPSA being 60% lower than those from AN. Most
of the N2O emitted (85%, on average) during this period was derived
from the endogenous N of the soil (Fig. S3), regardless of tillage or
fertilizer treatments (Table 3). The use of DMPSA abated N2O-Njs5an (by
74%), N2O-Na1sN (by 46%) and NoO-Ng,i1 (by 60%) emissions compared
with AN, regardless of tillage management (P < 0.05). The relative
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Fig. 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.

Table 1
Mean soil mineral N (NH;-N and NO3-N) concentrations in the preharvest
period.

NH{ (mg N kg soil 1) NO3 (mg N kg soil )

Tillage

T 8.16 48.9b
NT 5.90 24.4a
S.E. 0.76 2.2

P value 0.171 0.016
Fertilizer

NO 2.73a 19.8 a
AN 7.71 b 41.8b
AN + DMPSA 10.65 ¢ 48.4b
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 ef-
fect according to the LSD test at P < 0.05. S.E.: Standard error of the mean.

contribution of exogenous NO3 was lower than that of exogenous NH}
or endogenous N, ranging from 4% in T_AN to 9% in NT_AN + DMPSA
(Table 3).

3.3.2. 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
(Fig. 1a), N3O fluxes peaked (Fig. 4b). The N3O 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 cu-
mulative fluxes, leading to total emissions from AN to be numerically,
but not statistically, higher than those from AN + DMPSA (Fig. 5). In
contrast to the preharvest period, NoO-N;5an emissions after harvest and
until the end of the experiment were significantly lower than those
derived from AN (Table 3). Like during the crop period, most N,O
emissions were derived from the soil (i.e., 95%, on average).

3.4. 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 S4).
Plant N uptake was increased in AN + DMPSA, with respect to AN, in
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Fig. 2. Evolution of NH}-N concentration derived from soil (NHZ-N), from >NH4NO3 (NH-N15n) and from NH3°NOgz (NHZ-Na1sn) during 21 days following top
dressing fertilization (14 March) in the different soil tillage (conventional tillage, T, no tillage, NT) and fertilizer (NH4NO3, AN, NH4NO3 with DMPSA, AN -+ DMPSA)

treatments. T_AN (A), T AN + DMPSA (B), NT_AN (C) and NT_AN + DMPSA (D).

Table 2

Mean values obtained from microdiffusions (from 14 March to 4 April) of
mineral N derived from 15NH‘.N03 (NH#-N;5an and NO3-Nisay), derived from
NH}°NO3 (NHZ-Najsy and NO3-Najsy), and from the soil (NHZ-Nyo;; and NO3-
Nyoit) (mg N kg™?) in the different soil tillage (conventional tillage, T, no tillage,
NT) and fertilizer (NH4NO3, AN, NH4NO3; with DMPSA, AN + DMPSA) treat-
ments. Data in parentheses indicate the % with respect to total NH4-N or NO3-N.

NHj- NHj- NHj- NO3- NO3- NO3-
Nisan Naisn Nioil Nisan Naisn Nsoil
Tillage
T 18.8 0.002 4.97 2.52 24.7 49.6
(79.1) (0.0) (20.9) (3.3) (32.2) (64.5) b
NT 11.3 0.013 4.85 2.99 19.0 19.6
(69.9) 0.1) (30.1) (7.2) (45.7) (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 0.003 4.28 2.64 23.1 31.1
(71.9) a (0.0) (28.1) (4.6) (40.6) (54.8)
AN + 19.1 0.012 5.54 2.86 20.6 38.0
DMPSA (77.5) b (0.0) (22.5) 4.7) (33.6) (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 ef-
fect according to the LSD test at P < 0.05. S.E.: Standard error of the mean.

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 S4).

Regarding 15N 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 AN versus 15AN
(Table 4). The use of DMPSA affected plant_Nj,;, 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 N+ 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). Accordingly, NT
plots had higher N recovery in aboveground biomass (Table S5) 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_Naj5y were statistically higher than those
from plant_NjsaN for all components of barley yield (Table 4).

3.5. Retention of 1°N in soil

At the end of the experiment, soil Njsany 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™!, Fig. 6). Tillage management
did not affect soil Nysan or soil Najsy in the upper layer. However,
soil_ Na1sy 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 (Fig. 6). 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 S6).
On average, the non-accounted N reached 41%.

4. Discussion

There is a remarkable inter-annual meteorological variability in
semi-arid 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 dur-
ing the last 15-years reported even lower cumulative rainfall in the
March-July period than in our experiment (considering the irrigation
events) (Table S7). These meteorological conditions affect the environ-
mental impacts of N fertilization and N dynamics that should be
explored mechanistically. Field experiments shed light on N fate, N
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Fig. 3. Evolution of NO3-N concentration derived from soil (NO3-Njo;), from 15SNH4NO3 (NO3-Npsan) and from NHA°NO5 (NO3-Naisn) during 21 days following top
dressing fertilization (14 March) in the different soil tillage (conventional tillage, T, no tillage, NT) and fertilizer (NH4NO3, AN, NH4NO3 with DMPSA, AN -+ DMPSA)

treatments. T_AN (A), T_AN + DMPSA (B), NT_AN (C) and NT_AN + DMPSA (D).

cycling and the potential benefits of recommended agricultural prac-
tices. Under the conditions of our study, we can conclude that i) dry
seasons could decrease N5O losses after fertilization but lead to critical
peaks after rewetting, thus limiting the effectiveness of mitigation
strategies; ii) nitrification inhibitors 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 NO fluxes and soil and plant
recovery could be mainly related to plant N acquisition.

4.1. Soil mineral N during the preharvest period

Crop residue management practices affected NO3-N concentrations
in the soil (0-10 cm depth), with higher values for the tilled plots than in
the non-tilled plots (Table 1). Similar results were reported previously
under rainfed Mediterranean conditions (Plaza-Bonilla et al., 2014;
Corrochano-Monsalve et al., 2020). 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 manage-
ment under Mediterranean conditions has been previously reported by
Morell et al. (2011).

The effectiveness of DMPSA in inhibiting NH} oxidation has been
previously reported in several studies under similar climatic conditions
(Volpi etal., 2017; Guardia et al., 2021). Our results confirm this with an
increase of 39% in the average soil NHf-N in AN + DMPSA compared
with AN during the preharvest period (Table 1). These results are in
agreement with the well-known effect of NIs at a global scale (Qiao
et al., 2015) and are related to the increase in the amount of NH-N
derived from the fertilizer (Table 2). The reduced effect of DMPSA on
non-tilled plots (in comparison with conventional tillage) could be
associated with the potentially higher NH{ uptake in NT plots (see
Section 3.4) or with the generally higher N losses through volatilization
in non-tilled than in tilled soils (Pinheiro et al., 2018).

The decrease in NHj-Njsay in fertilized plots coinciding with an
increase in the NO3-Njs5an concentrations during the 3 following weeks

after N fertilization (Fig. 2 and Fig. 3, respectively) could have been the
result of nitrification (Zhu et al., 2019; He et al., 2020), considering the
low WFPS values (Pilegaard, 2013). The gross nitrification rates re-
ported in the present study (0.7 mg N kg’1 d'on average, Table S3) 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_1 d~! in a calcareous soil in En-
gland (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™! d7! in AN and AN + DMPSA respectively, Table $3), thus
masking the effect of DMPSA at a statistical level. However, despite this
variability, we observed a decrease of 32% in the AN + DMPSA treat-
ment 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 (Inselsbacher et al., 2013; He et al., 2020)
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 S3) were lower than those reported by Geens et al. (1991) (2.4 kg
N ha~! d™1), Unkovich et al. (1998) (3.6 mg N kg~ d™1), Ruppel at al.
(2006) (3.7 mg Nkg~' d™1) and Harty et al. (2017) (5.2mgNkg 1 d™1).
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 (Fig. 1a and b).

4.2. N>O emissions
4.2.1. Emissions after top dressing fertilization (preharvest period)

The scarce precipitation during the experiment (Fig. 1a) was likely a
key driver of the low N2O emissions after N top dressing fertilization
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(Fig. 4a, Table 3), with lower values than those reported in other studies
in rainfed crops under semiarid Mediterranean conditions, e.g., 9 — 80
mg N m~2in Guardia et al. (2021) or 20-124 mg N m ™2 in Montoya et al.
(2021), 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., 2013;
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Fig. 5. Cumulative N3O 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, NH4NO3, AN, NH4NO3
with DMPSA, AN + DMPSA) treatments. Vertical lines
indicate standard errors of the means. Different capi-
tal letters indicate differences (P < 0.05) between
fertilizer treatments within each tillage treatment.
Different lowercase letters indicate significant differ-
ences (P < 0.05) between tillage treatments within
each fertilizer treatment.

Cayuela et al., 2017). Moreover, dry conditions are expected to favour
conservation over conventional tillage with regards to crop develop-
ment and plant recovery (Morell et al., 2011), thus changing soil N
availability and N,O emission dynamics (Huang et al., 2018) and,
therefore, modifying the relevance of the post-harvest NoO emission
peaks after rewetting (Barrat et al., 2021).
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Table 3

Preharvest and postharvest cumulative N,O-N emissions derived from
1SNH4NO3 (N2O-Nisan), NHENO3 (N20-Napsy) and from the soil (N20-Nioi) in
the different soil tillage (conventional tillage, T, no tillage, NT) and fertilizer
(NH4NOs, AN, NH;NO; with DMPSA, AN + DMPSA) treatments.

N0 (mg N m’z)

Preharvest Postharvest
N,O- N,O- N>O- N,O- N,O- N,O-
NlSAN NAlSN Nsoi] Nl 5AN NA]SN Nsoil
Tillage
T 0.70 0.37 7.13 0.30 a 1.23 31.4
NT 1.08 0.49 7.55 0.74 b 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 0.56 b 10.5b 0.52 1.10 32.3
AN +DMPSA 0.37a 0.30 a 4.22a 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 + 0.53 0.18 4.42 0.29 1.14 29.9
DMPSA
NT_AN 1.95 0.55 11.1 0.72 0.89 31.9
NT_AN + 0.21 0.43 4.02 0.77 0.92 33.6
DMPSA
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 ef-
fect according to the LSD test at P < 0.05. S.E.: Standard error of the mean.

The low WFPS in the upper soil layer reported after top dressing

Table 4
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fertilization (Fig. 1b) could have favoured top-dressing fertilizer reten-
tion in this layer. Most N2O emissions were derived from endogenous
soil N (Table 3, Fig. S3), which could be related to the previously re-
ported 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 N2O emis-
sions derived from dressing N fertilization, the NoO coming from NHZ
was higher than that from NOj3 (Table 3), suggesting that nitrification
(per se or coupled with denitrification) was a relevant process for NoO
emissions during this period, as usually observed in Mediterranean
cropping systems (Aguilera et al., 2013) and in agreement with our
second hypothesis.

The effectiveness of DMPSA in reducing N,O emissions until harvest
was demonstrated with the 61% lower cumulative fluxes reported in the
microplots that received DMPSA (Table 3). In addition to the well-
known effect of DMPSA inhibiting nitrification from fertilizer NHZ-N
(Huérfano et al., 2016; Torralbo et al., 2017; Montoya et al., 2021;
Guzman-Bustamante et al., 2022), we observed that DMPSA also miti-
gated the NO 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 NH{ from basal fertilization and SOM
mineralization, which had rates that were higher than those of nitrifi-
cation. Besides the understandable effect of DMPSA on the N2O coming
from endogenous or exogenous NH, a significant effect of the inhibitor
was also observed in NO derived from fertilizer NO3-N (Table 3), as
reported by Guardia et al. (2018), who also used single-labelled
ammonium nitrate (i.e., I5AN and A®N) but in a maize crop. It has
been demonstrated that soils with rapid nitrification rates (e.g., calcar-
eous or alkaline) promote oxygen depletion and nitrite (NO3) accumu-
lation, thus stimulating denitrification and increasing the NyO:N ratio

Plant °N percentage (% 5N, plant N derived from fertilizer (Plant_N¢e,), plant N derived from soil (Plant_N;;;) and plant N recovery in the different soil tillage
(conventional tillage, T, no tillage, NT) and fertilizer (NH4NO3, AN, NH4;NO3 with DMPSA, AN + DMPSA) treatments and in the different 15N labelling treatments

(*>NH4NO3, 1°AN, NH;°NO;, A®N).

% 15N Plant_Nge,¢ (kg N ha™1) Plant_Ngo;; (kg N ha™1) N recovery (%)

Grain Biomass Root Grain Biomass Root Grain Biomass Root Plant
Tillage
T 1.49b 1.39 1.10 9.74 5.95a 0.31 325 22.0 1.69 20.0
NT 1.36 a 1.32 1.11 12.3 7.53b 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
P value 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 11.5 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 43.4b 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
P value 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
P value 0.668 0.631 0.715 0.689 0.519 0.472 0.005 0.197 0.084 0.597
Label
15AN 1.09a 1.04a 0.90 a 3.89a 2.10a 0.12a
AN 1.76 b 1.67 b 1.31b 7.13b 4.64b 0.23 b
S.E. 0.05 0.04 0.03 0.23 0.16 0.01
P value 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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(Petersen et al., 1996; Li et al., 2023). Therefore, the inhibiting effect of
DMPSA is also expected to detrimentally affect denitrification rates and
the amount of N5O derived from A'°N. A clear effect of nitrification
inhibitors 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 NO3 to NO3 and NO, and/or increasing those involved in
the reduction of N3O to Ny. 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 favour-
able for high N,O losses, e.g., significant SOM mineralization rates
stimulated from the addition of N fertilizers (Thilakarathna and
Hernandez-Ramirez, 2021) and even when a NO3-N-based synthetic
fertilizer is applied. With regards to the effect of tillage, non-tilled
microplots tended to reduce NyO 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, suggest-
ing that the combination of both strategies could be a good option for
mitigating N2O emissions.

4.2.2. Emissions after harvest

Under our climate and soil conditions, the highest NO flux regard-
less of fertilization or soil management was observed two months after
harvest (Fig. 4b), after an intense rainfall event that was preceded by
several weeks of drought and elevated temperatures (Fig. 1a). This pulse
effect has been reported in several field studies under similar climatic
conditions (Montoya et al., 2021; Montoya et al., 2022). The intensity of
N»O 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 rep-
resented 71.5% of the total N2O 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 NoO released after harvest came
from endogenous N rather than from the applied fertilizer (Table 3). 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 mi-
croorganisms after rewetting (Priemé and Christensen, 2001; Barrat
et al., 2021; Montoya et al., 2022) rather than by the accumulation of
residual or surplus N. However, we speculate that denitrifying
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microorganisms could have played a significant role in the evolution of
this peak because i) N2O emissions derived from the NO3-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 NHZ
concentration at the rewetting event (0.8 mg N kg~!) was much lower
than that of NO3 (24.0 mg N kg™1). 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.

4.3. 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). 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., NHs volatilization, N leaching, denitrification, could have also
contributed to explaining the low N recoveries in barley (Harmsen,
2003). Both the % 15N and the N derived from fertilizer in the crop
(Table 4) revealed that barley plants preferably took up N from NO3
fertilization rather than from NHZ. 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 signif-
icant 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 soil organic matter 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). This in-
crease 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
(see section 2.1 and Fig. S1) reported an increase of ca. 60% in barley
biomass and grain yields in NT compared with T plots regardless of the
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application of NIs 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. (2015) during dry years (as in our study) and/or in
rainfed crops. This has also been observed under Mediterranean condi-
tions (Morell et al., 2011; Plaza-Bonilla et al., 2014), being attributed to
the improvement of chemical fertility and water retention capacity
(Abdalla et al., 2016). The meta-analyses by Li et al. (2018) suggest that
the enhancement in crop yield and/or NUE when applying NIs 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 crop-
ping 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.

4.4. 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) (Fig. 6), which could be related to the
adsorption capacity of NHj 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 NO3-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 (Fig. 6). This higher concentration of residual N
derived from fertilizer NH-N fertilization in the top layer could also be
related to the abovementioned barley preference of NO3 uptake by roots.
It should be highlighted that under the conditions of the study, a sig-
nificant amount of residual mineral N was present at the end of the
experiment (Table S52).

The use of DMPSA significantly increased the topsoil retention of N-
derived NHJ-N fertilization (Fig. 6), thus enhancing the potential bio-
logical 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 nitrification inhibitors 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 pro-
duction, thus increasing plant N recovery. On the other hand, leaching
losses are expected to increase under high-rainfall 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.

5. Conclusions

During a dry campaign under rainfed semiarid conditions, NoO
emissions were mainly driven by a postharvest rewetting peak, while the
study of the fate of fertilizer-1°N revealed low N recovery in plants and
significant N recovery in the soil pool at the end of the experimental
period. Therefore, the opportunities for climate change mitigation and
adaptation from conservation agriculture practices or the use of nitrifi-
cation inhibitors under these conditions could be very limited. However,
the combination of DMPSA with no tillage could improve crop devel-
opment and plant N uptake (no tillage) and increase N retention of the
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non-absorbed N fertilizer in the upper soil layers (DMPSA), thus
reducing potential environmental impacts (e.g., N leaching) in subse-
quent seasons. The significant mitigation of N»O (from both endogenous
and exogenous N) during the growing season suggests that DMPSA is
also a good N,O mitigation strategy, if the emission pattern is different
from that observed in our study (i.e., if most of the N»O emissions occur
after N fertilization and before harvest) and when a significant amount
of NO is derived from soil, previous crop residues or residual N.
Therefore, combining DMPSA with no tillage (when and where this
tillage system improves crop development and N acquisition) could be
considered a good strategy under a wide range of environmental
conditions.
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