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A B S T R A C T 

Fertilized cropping systems are important sources of nitrous oxide (N2O) and nitric oxide (NO) to the 
atmosphere, and biotic and abiotic processes control the production and consumption of these gases in 
the soil. In fact, the inhibition of nitrification after application of urea or an ammonium-based fertilizer to 
agricultural soils has resulted in an efficient strategy to mitigate both N2O and NO in aerated agricultural 
soils. Therefore, the NO and N2O mitigation capacity of a novel nitrification inhibitor (NI), 2-(3,4-
dimethyl-1H-pyrazol-1-yl) succinic acid isomeric mixture (DMPSA), has been studied in a winter 
wheat crop. A high temporal resolution of fluxes of NO and NO2, obtained by using automatic chambers 
for urea (U) and urea with DMPSA, allowed a better understanding of the temporal net emissions of these 
gases under field conditions. Seventy-five days after fertilization, the effective reduction of nitrification 
by DMPSA significantly decreased the production of NO with respect to the treatment without it, giving 
net consumption of NO in the soil (-61.72 g-N ha - 1) for U + DMPSA in comparison to net production 
(227.44 g-N ha - 1) for U. The explanation of NO deposition after NI application, due to biotic and abiotic 
processes in the soil-plant system, supposes a challenge that needs to be studied in the future. In the case 
of N2O, the addition of DMPSA significantly mitigated the emissions of this gas by 71%, though the total 
N2O emissions in both fertilized treatments were significantly greater than those of the control (43.69 g-
N ha - 1). Regarding the fertilized treatments, no significant effect of DMPSA in comparison to urea alone 
was observed on grain yield nor bread-making wheat quality. To sum up, we got a significant reduction 
of N2O and NO with the addition of DMPSA, without a loss in yield and quality parameters in wheat. 

1. Introduction 

Nitrogen (N) management is a crucial issue to maintain crop 
productivity. The relatively low N use efficiency (NUE) of many 
agricultural systems constitutes an important concern from an 
environmental point of view and provides opportunities for 
improving farming economy. Reducing losses of N compounds from 
agricultural soils, such as the emission of N oxides to the 

atmosphere, is pivotal to lessen the environmental impacts asso
ciated with the application of N inputs (Bellarby et al., 2008). Both, 
nitrous oxide (N2O) and nitric oxide (NO) are emitted from the soil. 
While N2O is a strong greenhouse gas (GHG), NO is a chemically 
active gas involved in tropospheric photochemistry and the main 
precursor of ground-level ozone (O3) in rural areas (Laville et al., 
2011), impacting crop productivity and human health (Calvete-
Sogo et al., 2014). 

Nitrification and denitrification are considered the principal 
source of emission of N2O and NO. Several authors suggest that NO 
emitted from soils is mainly produced through nitrification, 
whereas the NO produced from denitrification is further reduced to 
N2O before it escapes to the soil surface (Ruser et al., 2006; Loick 
et al., 2016; Liu et al., 2017). Abiotic N processes could also be an 
important source of both gases, although they are very dependent 
on soil characteristics and moisture conditions (Butterbach-Bahl 
et al., 2011). For example, in soils with an acid pH, NO2 and NO3 
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may produce NO through chemodenitrification. Likewise, the 
decomposition of nitrous acid (HONO) is another source of NO in 
acid soils. When the pH is neutral, the NO produced could react 
with humic substances to produce N2O (Stevenson et al., 1970). 

Net emissions of NO and N2O are a consequence of production, 
consumption and transport through the soil. Consumption of these 
gases in the soil is possible through biotic processes, such as 
denitrification, and through abiotic reactions, such as nitrosation, 
that occur with NO and organic compounds (Medinets et al., 2015). 
Oxidation of NO by atmospheric oxidant compounds such as O3, 
produces NO2, consequently, this reaction also contributes to con
sumption of NO. Additionally, plants can also act as a sink for NO 
and NO2 due to the possibility to uptake these gases as a N source 
through the leaves’ stomata (Schindlbacher et al., 2004). Since most 
of these processes are interrelated, an important scientific chal
lenge is to know the contribution of each process to the production 
and consumption of these gases (Medinets et al., 2016). This 
knowledge could facilitate the implementation of mitigation 
measurements in agroecosystems, where N fertilizers are often the 
main input of N to the system. 

Emissions of N2O, NO and NO2 are very dependent on N inputs 
to soil. The IPCC (2007) established 1% as the default emission 
factor for N2O (EFN2O) (i.e., the percentage of fertilizer N applied 
that is transformed and emitted back to the atmosphere as N2O). In 
the case of NO, EFNO ranges between from 0.8 to 1.8% (Liu et al., 
2017), although the soil, climatic conditions and source of N have 
important influences. Mixing nitrification inhibitors (NIs) with urea 
or ammonium-based fertilizers has been noted as a strategy to 
reduce N2O and NO emissions from these sources of N without 
yield penalties (Sanz-Cobena et al., 2011; Huerfano et al., 2016; 
Cayuela et al., 2017). These compounds block the activity of the 
enzyme ammonia monooxygenase (AMO), thus maintaining the 
N—NH4t in soils for a longer period (Gilsanz et al., 2016; Misselbrook 
et al., 2014; Ruser and Schulz, 2015). Dicyandiamide (DCD) and 3,4-
dimethylpyrazole phosphate (DMPP) are heavily used NIs in recent 
years, and many field experiments have demonstrated their effec
tiveness at reducing emissions of N oxides from different crop 
systems. In the case of the new NI 2-(3,4-dimethyl-1H-pyrazol-1-
yl) succinic acid isomeric mixture (DMPSA) the published infor
mation is scarce, although recent results using DMPSA with 
different source of N (Huerfano et al., 2016; Guardia et al., 2018a) 
confirmed the positive effect observed for other inhibitors. 

The high temporal resolution of fluxes of NO and NO2, obtained 
by using automatic chambers for urea and urea with DMPSA, 
constituted an important methodological novelty that allowed a 
better understanding of the emission of NOx after fertilization 
under field conditions, where the variation of moisture and tem
perature in soils were very common. Therefore, the aim of this 
study was to generate a detailed database with a high temporal 
resolution on NO emission in a soil fertilized with or without a NI in 
a winter wheat crop under semi-arid conditions, besides of study 
the N2O emissions using manual chambers. We hypothesized that 
NI could reduce both N2O and NO fluxes, but especially NO, as this 
gas is very dependent on the nitrification process. 

2. Materials and methods 

2.1. Experimental site 

The field experiment was carried out at the field station “CEN
TER” (40° 25' N, 3° 29' W). The soil is calcareous with a silty loam 
texture in the upper horizon (0—20 cm). The soil type is a Typic 
Xerofluvent (Soil Survey Staff, 2014). Some of the physico-chemical 
properties of the topsoil layer (0—20 cm) were: pHH2O, 8.2; bulk 
density, 1.27gcm-3; total organic matter, 20.7gkg -1; total 

carbonate 81.6 ± 4.2 g kg-1. Soil texture is silty clay loam: 10% clay, 
59.5% silt, and 30.5% sand. More soil properties are reported in 
Table S1. The site is under semiarid Mediterranean climate condi
tions with an annual average rainfall and temperature (over the last 
10 years) of 393 mm and 14.1 °C, respectively. A meteorological 
station situated at the field station (http://eportal.mapama.gob.es/ 
websiar/SeleccionParametrosMap.aspx?dst=1) provided data 
regarding rainfall, wind speed, wind direction, radiation and air 
temperature. 

2.2. Experimental design 

A new experiment was settled down in this field, wherein nine 
plots (8 m x 5 m) were selected and arranged in a randomized 
complete block design with three replicates. In this field, winter 
wheat (Triticum aestivum L lngenio') was sown in rows on 27 
November 2015 at a rate of 200 kg seeds ha~1, and was harvested 
on 29 June 2016 with a research plot combine (Wintersteiger Inc, 
Germany). 

The application of fertilizers was a single application of 120 kg 
total N ha - 1 for all treatments during the crop period. The different 
fertilizer treatments were 1) control without N fertilization (con
trol); 2) urea with DMPSA, (U + NI); and 3) urea (U). The fertilizers 
were provided by EuroChem Agro GmbH, in a granular form, and 
were homogeneously applied to the soil by hand. The proportion of 
DMPSA in the fertilizers was 0.8% of the N content and was coated 
onto urea granules. 

2.3. Sampling and determination of N2O fluxes 

The N2O samples were taken 2—3 times per week during the 
first 45 days following fertilization. Afterwards, the frequency of 
sampling was decreased progressively, once per week or once per 
two weeks until the end of experiment. Sampling frequency was 
increased when a rainfall event took place, owing to fertilizer 
application and rainfall events are considered the most critical 
period for high gas emissions (Garcia-Marco et al., 2016). Nitrous 
oxide fluxes were measured using the closed chamber technique, as 
it was described by Abalos et al. (2013). One opaque chamber of 
19.3 L (diameter 35.6 cm, height 19.3 cm) was placed in each plot, 
including the control plots. The chambers were hermetically closed 
by fitting them into stainless steel rings, which were inserted into 
the soil to a depth of 5 cm. Gas samples were taken at 0, 30 and 
60 min after chambers closure from the headspace of each chamber 
with 20 mL syringes fitted with 3-way stopcocks, and transferred to 
pre-evacuated vials sealed with a gas-tight neoprene septum. 

Concentrations of N2O in the gas samples were determined 
using an HP-6890GC (Agilent Technologies, Spain), which used 
a63Ni electron capture detector (ECD). The GC was equipped with a 
headspace autoanalyser (TurboMatrix 110, Perkin Elmer). The 
calibration of this device was made followed the method proposed 
by Recio et al. (2018). 

In addition, emissions factors (EFs) were calculated as proposed 
by Cayuela et al. (2017), i.e., the difference between N2O emissions 
from a fertilized treatment (kg N2O ha - 1) and the non-fertilized 
(control) treatment (kg N2O ha - 1) divided by the applied N fertil
izer (kg N ha -1). Cumulative gas emissions during the experimental 
period were calculated by multiplying the average flux of two 
successive determinations by the length of the period between 
sampling and adding that amount to the previous cumulative total. 

2.4. Sampling and determination of NO, NO2 and O3 fluxes 

Nitric oxide, NO2 and O3 were measured with a completely 
automated laboratory measurement system over the cropping 
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season of winter wheat. This automated system was designed and 
constructed following the method proposed by Butterbach-Bahl 
et al. (1997) with some modifications, taking into account 
different studies (Schindlbacher et al., 2004; Slemr and Seiler, 
1991). Thus, the experimental setup schematically consisted of 
seven dynamic flow chambers, a pump (155 W, 30L/min, Patash-
nick Co, Inc.), a chemiluminescense NOx detector (AC31 M-LCD, 
Environnement S.A., Poissy, France) with a detection limit of NO of 
0.1 ppbv, and a UV spectrometer (Environnement SA, Model 42M, 
France) with detection limit of 0.4ppb (Fig. S1) to measure the 
ozone dynamic). The chambers (length = 50 cm; width = 50 cm; 
height = 20 cm; Vol = 50 L) consisted of an aluminium frame in 
which polymethacrylate (PMMA) panes were fixed. The inlet pane 
of the chamber for ambient air was located on the opposite to the 
outlet pane of the chambers and possessed five holes (2.0 cm 
diameter). Lids, also made of PMMA, were opened or closed by an 
electric motor. Chambers were only positioned in fertilized plots (3 
in U and 3 in U + NI plots) and inserted to a depth of 15 cm. An 
additional reference chamber was placed in the same experimental 
area, although it was isolated from the soil with a Teflon film. 

Air was sucked from each chamber by a pump and was trans
ported via Teflon tubing (length 50 m; inner diameter: 6 mm) to a 
solenoid valve (Flo Control®, Germany), which was followed by a 
PTFE manifold. The flow controllers, manifold and pump were 
housed in a laboratory situated on the field. From the PTFE mani
fold, air samples were driven by PTFE tubes to the different de
tectors. The ozone and NOx analysers were repeatedly calibrated 
using zero air and standard gases of 100 ppb of NOx (v/v) in N2 and 
100 ppb of O3 (v/v) in O2 provided by Carburos Metalícos SA (Bar
celona, Spain). Nitrogen dioxide (NO2) was determined by trans
formation of NOx into NO by a molybdenum converter heated at 
400 °C and deducting the original NO signal of the air stream (Slemr 
and Seiler, 1984). 

The opening time of the valves, the sequence of closure and re
opening chambers and data collection were controlled by a PC 
running a specially developed computer program (SIMdas, 
DNOTA®, Spain). The electrovalves were closed in normal position 
and electrically connected to the PC interface. In the same way, 
chambers were opened in normal position and were closed auto
matically by electric motors. 

Gas samples were collected continuously every 30 s from each 
chamber. Preliminary tests proved gas concentrations took 
approximately 6 min to reach steady state values after chambers 
were closed. Hence, chambers were closed for 8 min, and only the 
mean value of the last 90 s were used for flux determinations. Thus, 
measurements took a total of 10 min for each treatment (8 min 
from treatment chamber plus 2 min from reference chamber). A full 
cycle of measurements took 1 h for all six treatments, resulting in 
24 measurements per day and per chamber. 

Specific software was developed to assess the data logged from 
each chamber; this specific model was created using the pro
gramming language R version 3.2.1 (R Development Core Team, 
2017). This script was able to remove data points before the 
steady state, to calculate the average NO/NO2 of the last 90 s, when 
chambers were closed, to obtain the value of the steady state, to 
discard erroneous data for each plot chambers, to obtain the 
ambient value of the reference chamber, to calculate the absolute 
value of NO/NO2 in each chamber and to determine flux NO/NO2 
emissions. 

Emissions were calculated by subtracting the NO/NO2 concen
trations in the reference chambers from the steady state concen
trations of these gases in each chamber from tested treatments. 

Different reactions took place daily in soil (R1 and R2), that 
could cause an underestimation or overestimation of the NO or NO2 
fluxes when NO is emitted by the soil (Pape et al., 2009). 

NO þ O 3 / N O 2 þ O2 

NO2 þ h / N O þ O 3 ( ¼ 4 2 0 n m ) n l 

(R1) 

(R2) 

To solve this problem, the following equation adapted from Pape 
e t al. (2009) was used: 

M , Q , 1 0 6 

, , 
V m , A , 1 0 9 

Sgp 
F = (Cch - Co), ,60 

Vm, A , 1 0 9 A 

where: 

Eq.1 

F = Flux in fig—N,m 2,h 1; 
M is the atomic weight of the element (N = 14:008 g,mol^1); 

gaseous molar volume Vm is the standard 
(22:4, 10~3 m3,mol^1); 
Q is the flow with the pump sucks (30 L,min-1); 
Cch is the mixing ratio (ppbv = 10~9 m3 mT3) of the gas when the 
lid of chamber was closed and the chamber has reached the 
steady state; 
C0 is the mixing ratio of the gas in the reference chamber; 
A is the soil surface area covered by the chamber 
(0.5 x 0.5 m = 0.25 m2). 

Sgp is the net gas-phase source for NO (or NO2) within the 
chamber volume (Pape et al., 2009). These factors were calculated 
using a value of 4.3110~4 [ppb -1 s_1], at 1013 hPa and 298.16 K for 
k1 (reaction rate constant of R1) and an effective transmissivity 
value of 0.48 min - 1 (j(NO2) for calculating the photolysis rate of 
NO2 (reaction rate constant of R2) in sunlight. At night, Sgp was set 
to zero (Fig. S3). Due to the radiance inside of chamber is dependent 
on different factors, such as weather conditions and the wheat 
growth stage (affecting j (NO2), punctual underestimation or 
overestimation of NO and NO2 fluxes using Eq. (1) was also possible 
in our measurements. As indicated in (Pape et al., 2009), Sgp 
(NO) = -Sgp (NO2). 

i) Uncorrected NO and NO2 fluxes were calculated setting zero the 
term Sgp/A for all time, based on the equation from 
Schindlbacher et al. (2004): 

ii) Corrected NO and NO2 fluxes were calculated taking into ac
count the possible reaction of NO with O3 (R1) and photolysis of 
NO2 (R2) inside the chamber during daylight hours of the day 
(Sgp/A was different to zero). 

2.5. Soil and plant analysis 

Soil samples were taken with a frequency similar to N2O in order 
to determine the N—NH4t and N—NO3 concentrations. Soil sampling 
and mineral N determination (N—NH4t and N—NO3) was performed 
as described by Recio et al. (2018). Three soil cores were randomly 
sampled in each plot, including control, and then mixed and ho
mogenized in the laboratory. Soil N—NH4f and N—NO3 concentra
tions were analyzed using 8 g of soil extracted with 50 mL of KCl 
(1M) and measured by automated colorimetric determination us
ing a flow injection analyzer (FIAS 400, Perkin Elmer) provided 
with a UV—V spectrophotometer detector. 

The soil moisture were obtained with three EnviroSCAN® that 
were placed in random spots in the experiment. The EnviroSCANs® 
had three probes, with one each at 10, 30 and 50 cm. Total soil 
porosity was calculated by measuring the bulk density of the soil 
according to the relationship: soil porosity = 1—(soil bulk density/ 
2.65), assuming a particle density of 2.65 Mg mr 3 (Danielson and 
Sutherland, 1986). The ratio of the volumetric water (provided by 



EnviroSCANs®) content to the total soil porosity, also called, water-
filled pore space (WFPS) was calculated. Moreover, soil tempera
ture was measured with a probe inserted 10 cm into the soil. 

The total grain was obtained using a harvester machine (Win-
tersteiger®, Austria) on 29 June 2018 that weighed the grain of each 
plot. Previously, plant samples (aboveground biomass including the 
grain) were taken by harvesting 4 randomly selected 1 x 1 m 
squares from each plot. Afterwards, grain was dried to approxi
mately 14% humidity and cleaned from dust and tailings in a lab
oratory sieve-air separator. The total C and N content of wheat grain 
and aboveground biomass were determined by an elemental 
analysis with a TruMac CN Leco®. The content of total protein was 
then calculated using a conversion factor of 5.83 by N content (FAO, 
2004). 

The yield-scaled N2O emissions (YSNE) and Y—S NOx emissions 
were expressed as the ratio between the amount of N emitted as 
N2O or NOx (NO + NO2) and the aboveground N uptake. The N 
surplus was calculated as the N application minus the aboveground 
N uptake (Van Groenigen et al., 2010). Furthermore, the nitrogen 
use efficiency (NUE) was calculated for the fertilized treatment as 
the percentage of fertilizer N applied that was taken up in the 
aboveground biomass of the plant (Abalos et al., 2014). 

In addition, to evaluate the bread-making quality of the wheat , a 
SDS-sedimentation (SDSS) volume test was performed, which is 
highly correlated wi th the gluten strength (Dick and Quick, 1983). 

2.6. Statistical analysis 

The analysis of data was performed by using the StatGraphics 
Centurion XVI software (StatPoint Technologies Inc, Warrenton, VA, 
USA). Analyses of variance (ANOVA) were carried out for grain and 
biomass yield, N-ratio in grain, cumulative values of N2O, average 
values of NeNH4

þ and NeNO3
- in soil, SDSS test, YSNE, using t reat

men t and replicate as factor. Student 's t- tests were performed for 
cumulative flux of NO and NO2 emissions, YS-NOx, EF, of the U and 
U þ NI t rea tments using the same factors. The normality and 
variance uniformity of the data distribution were previously 
assessed by Q-Q plot and Levene's statistic, respectively. Averages 
were separated by t-test and LSD test at P < 0.05. 

Repeated measures ANOVA (RM-anova) was performed using 
the program R Core Team (Vienna, Austria) to analyse the temporal 
evolution of fluxes of N2O and soil content of NeNO3

- and NeNH4
þ. 

These RM-anovas was performed using the sample days and 
t reatments as factors, and the interaction be tween these t w o 

Fig. 1. a) Evolution of soil water-filled pore space (WFPS, %) on the left vertical axis and precipitation (mm) on the right vertical axis during the experiment; b) NeNH4
þ and c) 

NeNO3
e contents in the 0e10 cm soil layer during the first 75 days after N fertilization for the different treatments: Urea (U), U þ DMPSA (U þ NI) and Control (C) d) Daily N2O 

emissions for the different treatments (Control, U, U þ NI). Vertical bars indicate standard errors in b) c) and d). 



factors too. In the case of NO and NO2 fluxes the RM-anova was 
calculated for weekly average NO (and NO2) fluxes, using treat
ment, week and their interaction as factors (P < 0.05). Moreover, a 
principal components analysis (PCA) were done to assess the 
relation among fluxes of N2O, NO and NO2, N—NHj and N—NO3 
content in soil, soil temperature and WFPS. The data available to 
perform the PCA corresponded to 6 different sample days (0—38 
DAF) for the fertilized treatments only. Pearson's correlations were 
studied for these same variables and same sample days. Another 
Pearson's correlation matrix was calculated for all the treatments 
(U; U + NI and Control) for the variables, N2O, N—NHj, N—NO3, soil 
temperature, WFPS and another for yield and quality parameters: 
grain and above ground yield, ratio of N and protein in grain, grain 
N uptake, NUE and N2O cumulative. 

Furthermore, correlation between hourly NO values, hourly soil 
temperature and WFPS were searched. 

3. Results 

3.1. Soil moisture and meteorological conditions 

Mean air temperature ranged from 35 to -7 °C during the wheat 
cropping whereas the average of daily mean soil temperature was 
11 °C (Fig. S2). Total rainfall accounted was 305 mm (69 mm in the 
first month after fertilization). The average WFPS at a depth of 
10 cm was 23.0% during the experimental period, and ranged from 
7.3% to 75.4%. At a 30-cm depth, the WFPS remained in the range of 
23—50% (Fig. 1a). 

3.2. Mineral N in soil 

Soil ammonium (N—NHj) concentration in the 0—10 cm soil 
depth increased markedly after N fertilization (Fig. 1b). The 
maximum peak of the N—NHj concentration (66.9 mg N—NHj 
kg^soil) occurred 13 days after fertilization (DAF) in the U + NI 
treatment. The RM ANOVA indicated that significant higher con
centration of N—NHj (p < 0.05) was observed in U + NI than in U in 
the 13 DAF. 

From the 40 DAF to the end of the experiment, soil N—NHj 
concentrations were roughly similar and below 5.0 mg N—NHj 
kg 1 soil in all treatments. 

The topsoil nitrate (N—NO3) content ranged from 2.7 to 
54.3 mgN—NO3 kg - 1 soil (Fig. 1c). In the case of U, the N—NO3 
content began increasing 8 DAF, just when the content of N—NHj 
started decreasing. The RM anova showed significant differences on 
means of N—NO3 soil content between the two fertilized treat
ments for the samples taken on 13, 17 and 38 DAF (P-
value < 0.0001). The maximum concentrations of N—NO3 in soil 
took place 17 DAF in the U treatment, 54.3 mgN—NO3 kg_1soil 
(Fig. 1c), significantly higher than the value obtained in U + NI. In 

the case of U + NI, the maximum peak was on 38 DAF (29.3 mg N 
-NO3 kg^soil) and was significantly greater than U. 

3.3. Nitrous oxide emissions 

Daily N2O fluxes from April to the mid-June ranged 
from -2.9—23.5 gN ha - 1 d_1 (Fig. 1d) Outside of this period, N2O 
fluxes were generally negligible (-1 to +1 g N ha - 1 d_1) and are not 
shown to improve the readability of the data. The application of U 
rapidly increased the levels of N2O emissions (Fig. 1d), peaking 
twice. The first peak was observed 17 DAF (22 April 2016), with a 
daily mean flux of 22.8 ± 0.8 g N ha - 1 d_1, and the second peak took 
place 30 DAF (5 May), with a daily mean flux of 23.5 ± 9.7 g N ha - 1 

d_1. The U + NI treatment significantly reduced emissions of N2O, 
maintaining mean daily fluxes lower than 5 g N ha - 1 d_1 during the 
crop period. The highest fluxes of this treatment were <5 g N ha - 1 

d_1 (Fig. 1d). The Control treatment had the lowest fluxes (<2.0g N 
ha - 1 d_1). Cumulative N2O emissions (Table 1) were 498.8, 143.2 
and 43.7 g-N ha - 1 for the U, U + NI and Control treatments, 
respectively. Therefore, the treatment with NI decreased N2O 
emissions by 71% in comparison to the treatment without NI. The 
Control treatment released the significantly lowest N2O emissions 
during the crop period. 

A significant linear regression was found between daily N2O 
fluxes and daily N—NO3 soil content for the 3 treatments (U; U + NI 
and Control) (R2 = 0.732; n = 54; p< 0.0001). The correlation 
among these variables are presented in Table S3. 

The EF for cumulative N2O emissions (Table 1) in U + NI (0.1) 
was significantly lower than in urea (0.4), although in both cases; it 
was below the default IPCC Tier I Emission Factor (1%). 

3.4. Nitric oxide emissions 

Three days after urea application, positive NO fluxes were 
detected in U treatment (Fig. 2a) obtaining a first spike 10 DAF 
(34 ± 3 Hgm h 1 daily average), then a higher peak on 14 DAF 
with a daily mean flux of 78 ± 17 Hgm h 1 (using Eq. (1), cor-
rected values of Table S2). The rainfall occurred 15 DAF (22 mm) , 
which increased the WFPS to 70% and immediately reduced NO 
emissions at fluxes close to 0. Nitric oxide peaked again on 2 3 DAF 
at 9 3 ± 4 Hgm h 1 (Eq. (1)), coinciding with a WFPS below 35%. 
After 7 May (>35 DAF), net NO fluxes were zero or even negative. 
These negative fluxes (from 35 to 45 DAF) for the U treatment 
immediately occurred after several days of rainfall events. The cu
mulative NO emissions for the U treatment in the experimental 
period were 227.4 g-N ha~1, which represent 0.19% of the N applied 
(Table 1). 

The application of urea + DMPSA significantly reduced (RM-
anova, P < 0.05) NO fluxes from 5 to 35 DAF in comparison to the U 
treatment, with frequent negative fluxes measured in this period 

Table 1 
Grain and biomass yield, N content in grain, sedimentation test for bread-making quality (SDSS), cumulative N2OeN, yield-scaled N2O emissions (YSNE), emission factors for 
N2O (EF) and nitrogen use efficiency (NUE) for the different treatments (Control, U, U þ NI). NOeN fluxes corrected NO2eN fluxes corrected and yield-scaled NOx emissions 
(YeS NOx) for the different fertilized treatments (Urea, Urea with DMPSA, U þ NI). Different letters within columns indicate significant differences by applying the LSD test at 
P < 0.05. Standard error (S.E.) is given for each effect. The letters n.s. mean not significant (P > 0.05). 

Treatment Grain Yield 
(kg ha - 1 ) 

Control 2199 b 
U 3415 a 
U þ N I 3278 a 

SE 215 
P-value 0.001 

Biomass Yield 
(kg ha - 1 ) 

6649 b 
13520 a 
12896 a 

804 
0.001 

%N SDSS 
grain (mm) 

2.02b 74b 
2.93 a 98 a 
2.99 a 92 a 

0.087 3 
0.002 0.002 

N2O (g N 
ha - 1) 

43.7 c 
498.8 a 
143.2 b 

27.8 
0.0001 

YSNE (g N2O 
kg - 1 N uptake 

0.67 b 
2.63 a 
0.70 b 

0.29 
0.021 

EF NUE (kg N uptake NO Corrected NO2 Corrected Y—S NOx (g NOx 
(N2O) kg - 1 N applied ( g N h a - 1 ) ( g N h a - 1 ) kg - 1 N uptake) 

(%) 
_ _ _ _ 

0.4 a 1.20 227.4 a —3.2 1.1a 
0.1b 1.19 —61.7b —1.1 —0.3b 

0.02 0.18 7.6 5.1 0.06 
0.01 n.s. 0.001 n.s. 0.004 



Fig. 2. a) Comparison of temporal evolution of NO fluxes in U and U þ NI treatments during experimental period. b) Comparison of temporal evolution of NO2 fluxes in U and U þ NI 
treatments during the experimental period. Coloured points represent the corrected value of the average among the hourly NO (a) and NO2 (b) fluxes of the different replicates of 
the two treatments. Grey points represent the uncorrected value of the same average (Eq. (1)). Lines represent the corrected daily mean NO (a) and NO2 (b) fluxes (Eq. (1)). Vertical 
bars indicate the standard errors of the daily averages. 

(Fig. 2a). Thirty-five DAF, t he tendency changed, and positive NO 
fluxes were observed for this t reatment , peaking on 40 DAF at 
35 ± 11 Hgm h 1. The frequent negative NO fluxes observed for 
this treatment (51% of all measured fluxes) also induced negative 
total emissions of -61.7 g-N ha - 1 (Table 1 and Table S2). 

The reactions of NO with O3 and the photolysis of NO2 during 
daylight produced NO inside the chamber with slightly modified 
fluxes (Fig. 2a). Sgp (NO)/A ranged from - 2 to 1|igmr2 h_ 1 

(Fig. S3). Comparing uncorrected with corrected values (Table S2) 
the difference was on average, of 4 g-N ha-1. In this experiment, an 
underestimation of NO was produced in uncorrected fluxes. 

A significant multilinear regression was found only for the U 
treatment when NO fluxes >0 (9—35 DAF) among hourly mean NO 
fluxes, hourly mean WFPS and hourly mean soil temperature in the 
first 10 cm (R2 = 0.4036; n = 360; p-value < 0.0001; Fig. S4). Con
sumption of NO was observed in a large range of WFPS (20—70%) 
and in the range of 11—18 °C for the U + DMPSA, and it was not 
correlated with WFPS or temperature. 

The Pearson's correlation Matrix (Table S4) showed a significant 
correlation between N2O fluxes and N—NO3 soil content (r = 0.856; 
p< 0.0001; n = 36). NO fluxes was correlated with N—NO3 
(r = 0.702; p< 0.0001; n = 36) and N2O emission (r = 0.691; 
p < 0.0001; n = 36) in the days that all the samples were taken. 

Principal Component analysis (Fig. S5) showed that the first 3 
principal components (PC) accounted the 73% of the total variance 
(Table S5). PC1 accounted for 38.36% (Fig. S5a) of the observed 
variability and showed higher correlation with NO3 (r = 0.933), 
N2O emissions (r = 0.899), and NO fluxes (r = 0.811). Likewise, PC2 
explained 19.21% of the variability and was strongly correlated with 
WFPS (r = 0.863), also with soil temperature and NO2 fluxes but 
with a weaker correlation (Table S5; r = -0.392 and r = -0.579, 
respectively). Finally, PC3 explained the 15% and was mainly 
correlated with N—NH4t content in soil (r = 0.695). 

3.5. Nitrogen dioxide fluxes 

The daily mean NO2 flux ranged from -42 to 109 Hgm 

(Fig. 2b). Although frequent deposition of NO2 was observed in both 
treatments, the higher daily mean deposition occurred for the 
DMPSA treatment at 29 DAF (-13 ±4|igmT2 h_1). Positive net 
fluxes of NO2 were also observed in both treatments when positive 
fluxes of NO were also observed (Fig. 2b). In the U treatment, 
maximum fluxes were observed from 26 to 30 DAF, and in U + NI, 
from 35 to 40 DAF. 

The total NO2 emissions were -3.2 g-N ha - 1 and -1.1 g-N ha - 1 

for U and U + NI, respectively (corrected; Table 1). The mean dif
ference of the total NO2 flux considering the correction done by the 
Sgp/A factor was 4.8 g-N ha_1(Table S2). 

3.6. Yield, yield-scaled N2O and NO and bread-making quality 

In general, Control grain and biomass yields were significantly 
smaller regarding the fertilized treatments (P<0.05) (Table 1). In 
the case of grain, both N fertilized treatments (U and U + NI) 
increased yield by 35%, on average, with respect to the Control. The 
U + NI treatment did not significantly affect the grain and biomass 
yields. 

The scaling of N2O losses to N uptake (YSNE) averaged from 0.67 
(Control) to 2.63 (U) g N2O—N kg - 1 aboveground N uptake 
(Table 1). The inhibitor significantly decreased this parameter, be
ing significantly similar to the unfertilized treatment (Control). 
With regard to Y—S NOx (the scaling of NO + NO2 losses to N up
take), urea was 1.1 g NOx kg - 1 Nuptake (Table 1) on average, 
whereas the treatment with DMPSA gave a negative value, indi
cating that this crop system absorbed 0.3 g NOx kg - 1 of N applied. 

Concerning the Control, fertilized treatments obtained signifi
cant higher values for the grain N content and SDSS volume. At was 
expected, a significant correlation was found between grain N 
content and SDSS volume (R2 = 0.8621; n = 9; P = 0.0003; 
Table S6). 

The NUE was not significantly affected by the addition of DMPSA 
compared with urea (Table 1). 



4. Discussion 

4.1. NO flux after urea application 

To our knowledge, this is the first time that NO fluxes were 
continuously measured with an automated dynamic chamber 
system under field conditions in a fertilized winter wheat crop. This 
system offered the opportunity to continually measure net NO 
fluxes (positive or negative) from the soil to the atmosphere. Since 
the main pathway of NO production is via nitrification (Wolf and 
Russow, 2000; Russow et al., 2008), positive fluxes of NO were 
expected in the days following urea application. Urea was rapidly 
hydrolysed by soil urease, increasing the net soil N—NHj concen
tration during the first 13 DAF(Fig.1 b). The high pH of this soil (8.2) 
(Table S1) favoured nitrification of N—NHj (Pilegaard, 2013) and 
consequently fluxes of NO (mainly from 7 to 34 DAF). 

However, the highest fluxes were very dependent on WFPS, 
with a considerable reduction in fluxes observed after rainfall 
events. For instance, a rainfall event of 22 mm occurred on 15 DAF, 
obtaining a WFPS close to 70% (Fig. 1a). Denitrification could have 
activated under these soil moisture conditions, favouring the con
sumption of NO in microsites before its release to the atmosphere. 
Under these conditions NO could be produced via denitrification of 
NO3, but only in little extent, as confirmed Wolf and Russow (2000) 
and Russow et al. (2008). The highest NO emissions were produced 
when the WFPS ranged from 30 to 60% and the soil temperature 
was within the range of 14—18 °C. These results are in agreement 
with those of Medinets et al. (2016), who reported peak NO emis
sions over a range of soil moisture rates from 25% to 80%, and the 
soil temperature was mostly in the range of 10 °C—22 °C in a field 
experiment during 2012—2014 with different crops. 

The total NO lost from U in this period (0—30 DAF) was 0.19% of 
N applied, which was below the results of Garrido et al. (2002), 
which ranged from 0.6 to 2.5% in a study in five agricultural soils 
where a rotation of wheat, rapeseed and maize was done over more 
than 20 years. Guardia et al. (2018a), measuring NO with manual 
chamber, also in a wheat crop, observed higher losses of NO when U 
was used (>1.5%), but conditions were very favourable to nitrifi
cation (WFPS<40% for the 20 days after fertilizer application). 

4.2. NO fluxes after addition of the nitrification inhibitor 

Our results confirmed that the addition of DMPSA to urea 
reduced the nitrification rate. Thus, the N—NHj concentration in 
the upper soil layer was higher than that of the U treatment from 7 
to 35 DAF (Fig. 2a)), but not significantly in all sampling dates. The 
nitrification inhibitory effect of DMPSA is produced from dime-
thylpyrazole (DMP), which is released by degradation of succinic 
acid in soil. This effect had an important impact on NO fluxes during 
this period. In fact, frequent negative NO fluxes were observed in 
plots with DMPSA in this period. Only from 35 to 45 DAF were 
positive NO fluxes measured. This behaviour was very different 
from that observed for the U treatment, where positive fluxes were 
measured from 7 to 35 DAF. 

Since the net NO flux is a consequence of production and con
sumption of this gas by the plant-soil system, negative values 
indicated that production of this gas was less important than the 
sink of NO. Different biotic and abiotic processes could be involved 
in the consumption of NO, although its magnitude in soils remains 
uncertain (Medinets et al., 2015). Under our experimental condi
tions, a rise in the WFPS, which activated denitrification, such as 
that which occurred 15 DAF, also reduced the sink of NO (Fig. 2a), 
indicating that this process had low importance in this sink. 

Some heterotrophic bacteria can oxidize rather than reduce NO 
via aerobic co-oxidation reactions (Dunfield and Knowles, 1999; 

Conrad, 2002). Additionally, NO is also consumed by different or
ganisms due to the function as a free diffusive signalling molecule 
in higher organisms, which is favoured when O2 concentration 
increases in soil (Thomas et al., 2008). The low production of NO 
through nitrification and the high O2 concentration at low WFPS 
could have facilitated the consumption of exogenous NO. Abiotic 
nitrosation by humic substances reactions could also have acted as 
a sink for NO in the soil (Medinets et al., 2015). Furthermore, a 
reversible reaction of NO with OHT producing HONO is a possible 
pathway that consumes NO from the air inside the soil. The high pH 
of this soil probably facilitated this reaction. Additionally, we 
speculated that this sink effect of NO promoted by abiotic processes 
was easier at low WFPS because it facilitates the interchange be
tween NO from the air and soil. Our results also indicated that the 
sink effect diminished and even was not detectable when NI lost its 
potential to inhibit nitrification, as occurred after 35 DAF. 

In addition, direct diffusive NO uptake by leaves of plants consti
tutes a canopy sink (Medinets et al., 2015) although, due to the low 
solubility of NO in the aqueous solution of the apoplastic state, this 
mechanism is of lower importance than the uptake of NO2. 
Comparing NO2 and NO consumption (Fig. 2a and b) for the U + NI 
treatment, the sink of NO was greater than that of NO2 in the period 
7—35 DAF. Due to the complexity of the possible processes involved in 
the deposition of NO in the soil-plant system, additional experiments 
need to be implemented, also evaluating the effect of other NIs. 

Cumulative emissions associated with this period for NI treat
ment were negative -61.7 g-N ha - 1 (Table 1), which was not a 
frequent result in fertilized soils. Unfortunately, the number of 
automatic chambers did not allow the study of the NO fluxes 
emitted by the control treatment without N nor NI addition. 
However, we can speculate that the sink effect of a control treat
ment could be lower than for the NI treatment because the nitri-
fiers population would not have been affected by fertilization in the 
control, and nitrification would not have been inhibited, producing 
NO at higher rate than our U + NI treatment. Therefore, this could 
be another issue to be taken into account for further studies. 

Guardia et al. (2018a) performed a trial with manual chambers 
during two consecutive years, where NO emissions were also 
compared between calcium ammonium nitrate (CAN) and 
U + DMPSA (among others) in rainfed wheat conditions. In that 
study, the mean inhibitory effect during the two years was 71—81% 
mitigation, which was also significant reduction of NO emissions. 
However in that case, and although some negative fluxes of NO 
were observed for NI treatment, the estimated NO emission was 
positive. 

4.3. Fluxes of NO2 

It was expected that NO2 deposition was very frequent in both 
treatments, associated with the NO2 taken up by leaf stomata. In 
the case of the U + NI treatment, total NO2 consumption was 
similar to that of the U treatment. 

Positive fluxes were also observed in both treatments, although 
they coincided with positive fluxes of NO and low WFPS. Most 
likely, part of the NO produced during nitrification was oxidized 
inside of the soil and released to the atmosphere. In any case, 
consumption has been higher than emissions, and total emissions 
were -3.2 g-N ha - 1 and -1.1 g-N ha - 1 for U and U + NI, respectively 
(corrected values, Table 1). The percentage of NO2 emitted or 
deposited in the soil-plant system was very low in comparison to 
NO, and therefore, the principal variation in NOx was due to NO. 

4.4. Effect of DMPSA in N2O emissions 

Cumulative N2O emissions were significantly reduced by the 



effect of DMPSA, showing an inhibitory effectiveness of 71% 
(Table 1). This mitigation efficacy was higher than those found by 
Guardia et al. (2018a), in a rainfed wheat crop (30—43%), where 
DMPSA was applied with urea, but conditions favoured nitrification 
after application. The high correlation between N2O, NO and NO3 
observed in the PCA analysis done for the period 0—38 DAF (Fig S5 
a) and b)) confirmed that nitrification was an important pathway 
producing N2O in this period, both for urea and urea with DMPSA. 
This assumption was deduced because NO fluxes are mainly pro
duced during nitrification as an intermediate compound in the 
oxidation step from NH2OH to NO2 (Ludwig et al., 2001), and NO3 is 
also the main compound obtained during nitrification. The 
favourable nitrification conditions in this period justified the lower 
N2O production when DMPSA was used. These results agreed with 
those of Guardia et al. (2018a,b) using different sources of N: 15NHj 
and 15NO3 in an irrigated maize crop. These authors found that 
DMPSA effectively reduced 15N2O from 15NH4 in comparison to a 
source of 15NH4 without the NI. Although, the effect of DMPSA on 
denitrifiers could be indirect (i.e. limitation of N—NO3 availability 
via the inhibition of nitrification), some authors have reported a 
direct effect of DMPSA on denitrification using 15N (Guardia et al., 
2018a,b) or measuring the abundance of denitrifiers (Torralbo 
et al., 2017). 

An interesting result was that the N2O fluxes of the U + NI 
treatment were similar to the control for the first 21 DAF (Fig. 1d). 
The slight increase in N2O fluxes occurred between 21 and 40 DAF, 
which was when NI reduced its efficiency in the inhibition of the 
nitrification rate. 

In the urea treatment, maximum N2O fluxes took place from 13 
to 30 DAF, coinciding with the maximum content of N—NO3 in the 
soil (Fig. 1c). It is widely known that nitrate content, soil tem
perature and moisture are the main factors that control the 
denitrification process (Firestone and Davidson, 1989; Skiba, 
2008). The first peak of N2O occurred at 17 DAF and reached 
22.8 ± 0.9 g-N (N2O) ha - 1 d_1. This peak was produced the day 
after an important rainfall event of 22 mm, provoking a WFPS 
above 70%, whereas NO fell close to zero. It is likely that denitri
fication was the main source of N2O after this event. Fluxes of N2O 
increased at low WFPS in the period 25—30 DAF when the nitri
fication rate was high. 

4.5. NUE and bread-making quality 

Nitrification inhibitors form part of the technological solutions 
proposed to increase the NUE of N fertilizers. As has been discussed 
previously, the new inhibitor DMPSA effectively reduced NO and 
N2O emissions when applied with urea. The low concentration of 
N—NO3 in soil 30 DAF could also contribute to diminish the risk of 
NO3 leaching losses from N fertilizers, although in this period, total 
rainfall was 69 mm, and it was not expected to have losses from 
leaching. Therefore, the NUE value expressed as kg N uptake by 
aboveground biomass related to N fertilizer was similar in both 
fertilizer treatments but higher than 1 (1.2 kg N uptake kg - 1 N 
applied), indicating that part of the N used by the plant was ob
tained from mineralization of organic N in the soil. 

Previous literature findings have shown that N—NHj based 
plant nutrition increases protein content (Fuertes-Mendizabal 
et al., 2013) The NI DMPSA maintained the grain protein, in 
agreement with Huerfano et al. (2016). No significant differences in 
SDSS were observed between the U and U + NI treatments. 
Conversely, the control treatment gave significantly lower grain 
yield, grain protein and lower quality for bread-making (Table 1), 
confirming that N fertilization is necessary to maintain yield and 
quality. 

5. Conclusions 

The new NI, DMPSA, effectively reduced N2O and NO emissions 
in a winter wheat crop without reducing the grain yield and bread-
making quality. In the case of N2O, the mitigation effect was 
maintained for approximately eight weeks following the applica
tion of N and obtained an EF below 0.1%. Cumulative nitric oxide 
fluxes, measured at high temporal resolution using an automated 
system and deployed for the first time in a fertilized agricultural 
soil, were negative for the U + NI treatment. In this case, NO pro
duction through nitrification was lower than consumption through 
different biotic and abiotic processes. This sink mainly occurred for 
the 5 weeks after application, being higher at low WFPS, and it is a 
future challenge to understand which processes are mainly 
responsible for this sink. Fluxes of NO2, which were negative most 
of the time for both treatments, constituted an amount lower than 
2% of NOx. 

Finally, the correction of NO fluxes using the possible reactions 
of NO with O3 given NO2, and the photolysis of this last gas during 
sunlight hours resulted in a total amount lower than 5% of uncor
rected NO. In this experiment, an underestimation of NO was 
produced when fluxes where not corrected. 
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