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28040 Madrid, Spain 
b Centro de Estudios e Investigación para la Gestión de Riesgos Agrarios y Medioambientales (CEIGRAM), Ciudad Universitaria s/n, 28040 Madrid, Spain   

A R T I C L E  I N F O   

Keywords: 
Soil nitrate 
Carbon footprint 
Global warming potential 
Methanotrophic activity 
Volatilization losses 
Enhanced-efficiency fertilizer 

A B S T R A C T   

No tillage management is being encouraged nowadays to prevent soil erosion and contribute to carbon (C) 
sequestration. However, N fertilizer should be managed properly to optimize N use efficiency and to avoid the 
side-effects of losses of gaseous nitrogen (N), particularly those of ammonia (NH3), which are expected to in
crease due to the presence of residues in the topsoil. In this context, a non-tilled (two years after conversion from 
tillage) field experiment was set up in central Spain, in which urea treated with a combination of urease (N-butyl 
thiophosphorictriamide, NBPT) and nitrification (2-(3,4-dimethyl-1H-pyrazol-1-yl) succinic acid isomeric 
mixture, DMPSA) inhibitors was compared with the use of urea without inhibitors. Fluxes of NH3 (using the 
integrated horizontal flux method with three replicates), nitrous oxide (N2O), methane (CH4) and soil respiration 
were measured throughout the wheat (Triticum aestivum L.) cropping cycle under rainfed conditions, together 
with ancillary soil measurements (e.g., soil moisture and mineral N), yield and crop uptake of N. Gaseous N losses 
from urea without inhibitors accounted for 10.35% and 0.66% (for NH3 and N2O, respectively) of total N applied. 
The use of the double inhibitor resulted in a significant mitigation of both losses (by 50.5% and 91.6% for NH3 
and N2O, respectively). The double inhibitor increased N use efficiency expressed as crop recovery efficiency and 
partial nutrient balance, and decreased N surplus, in comparison with urea without inhibitors. In spite of a 
similar grain yield, the unfertilized control had the lowest aboveground N uptake rate, due to the higher con
centrations of grain and straw N for the fertilized treatments. Under the conditions of our study, NH3 volatili
zation in a short-term no-till managed field can be minimized using a double (urease plus nitrification) inhibitor. 
This strategy had no negative side effects on N surplus, CH4 uptake or N2O mitigation and led to a significant 
improvement of N use efficiency.   

1. Introduction 

The mitigation of the negative impacts of soil erosion is a key driver 
of the increasing importance of conservation agriculture practices, e.g., 
no tillage, particularly in semi-arid croplands (Kassam et al., 2012; Tan 
et al., 2020). The enhancement or conservation of soil organic carbon 
(C) stocks with the adoption of no tillage (Aguilera et al., 2013; Chenu 
et al., 2019) is currently a pillar of several initiatives aiming to increase 
the sustainability of crop production, e.g., the 4 per 1000 initiative, 
which was launched by the French government at the twenty-first ses
sion of the Conference of the Parties (COP 21) (Soussana et al., 2019; 

Rumpel et al., 2020). Moreover, several benefits of no tillage on soil 
physical (Li et al., 2019) or biological (Nunes et al., 2020) quality have 
been highlighted in recent meta-analyses, e.g., improvements in water 
stable aggregates, hydraulic conductivity, available water capacity, 
microbial biomass, soil respiration or permanganate oxidizable C, 
among other soil health indicators. However, the objective of increasing 
crop sustainability through no tillage could be compromised if its 
adoption leads to an increase of losses of gaseous nitrogen (N) to the 
atmosphere e.g., the greenhouse gas (GHG) nitrous oxide (N2O) or 
-particularly- the reactive gas ammonia (NH3). Along these lines, the 
meta-analysis of Huang et al. (2018) reported an overall increase in N2O 
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emissions in comparison with conventional tillage, with increases 
dependent on environmental and management (e.g., fertilizer place
ment or experiment duration) conditions. Regarding NH3 emission, the 
presence of crop residues on the soil surface with no tillage management 
may reduce the contact between ammonium (N-NH4

+) released from 
urea hydrolysis and soil colloids and, therefore, act as a barrier for urea 
incorporation, thus potentially increasing N volatilization. This effect 
was reported by e.g., Pinheiro et al. (2018) in subtropical humid con
ditions using semi-open static chambers, and summarized across studies 
by the recent meta-analysis of Ma et al. (2021). Since the reduction of 
NH3 losses is a priority in countries that currently exceed the emissions 
permitted under government regulations (Sanz-Cobena et al., 2014a, 
2014b), some N management strategies are needed to maintain the 
benefits of no tillage and minimize these negative side-effects. 

The potential risk for the increase of NH3 volatilization from no 
tillage management in comparison with conventional tillage could be 
further increased at basal fertilization (i.e., when the soil cover depends 
mostly on the management of residues from the previous crop due to the 
incipient growth of the current crop) rather than at dressing fertilization 
(e.g., when cereals are at tillering stage thus covering a significant 
proportion of soil surface and masking the differences between tillage 
systems). Although applying N at seeding has been discouraged due to 
the potential increase of N losses (Abalos et al., 2017), particularly to 
groundwater (Xia et al., 2017), this practice may be necessary to prevent 
N immobilization (Cao et al., 2020) when the residues from the previous 
crop have a high C:N ratio (e.g., those of cereal crops). In these condi
tions, the use of urea is a widespread and cost-effective option due to its 
N-richness, low price, manageable storage and the lower GHG emissions 
associated with its industrial production, in comparison with other N 
sources such as ammonium nitrate (Guardia et al., 2019a), but with the 
negative trade-off of increasing NH3 emissions (Pan et al., 2016). The 
incorporation of urea into the soil (mechanical or through irrigation) has 
been highlighted as an effective practice to mitigate NH3 emissions 
(Sanz-Cobena et al., 2014a, 2014b; Pan et al., 2016), but the options in 
rainfed no-tilled agro-ecosystems are mainly limited to the use of urease 
inhibitors such as N-butyl thiophosphorictriamide (NBPT). The 
meta-analysis of Ti et al. (2019) estimated that the use of urease in
hibitors mitigated NH3 volatilization by 53.1%, overall. However, this 
reduction was not significant for wheat. Rainfed semi-arid cropping 
systems are associated with a high variability of rainfall amount and 
distribution, thus affecting the amount of NH3 volatilized and, therefore, 
the cost-effectiveness of urease inhibitors as a NH3 mitigation strategy. 
Additional measurements under these conditions are therefore needed, 
with the Integrated Horizontal Flux (IHF) providing a 
meteorology-sensitive method (Pacholski et al., 2008); considered as a 
reference technique. Surface requirements and the distance between 
plots often limit the number of replicates when using IHF (Recio et al., 
2018) and field-studies using three replicates are scarce, thus limiting 
the robustness of the results. To our knowledge, only Recio et al. (2020) 
has measured NH3 volatilization using the IHF method comparing urea 
with and without a double inhibitor, under irrigated conditions and 
using two replicates. No studies measuring NH3 volatilization with 
micrometeorological techniques in non-tilled agro-ecosystems have 
been carried out so far. 

Due to the variable effectiveness of NBPT in the mitigation of N2O 
emissions (Guardia et al., 2018a), the use of a double nitrification and 
urease inhibitor is expected to be the most advisable solution to signif
icantly mitigate both NH3 and N2O losses (Ding et al., 2011; Zaman and 
Nguyen, 2012; Recio et al., 2020). Most trials using double inhibitors 
have studied the combination of NBPT with the nitrification inhibitor 
diciandyamide (DCD), while no studies have looked at the effect of 
combining 2-(3,4-dimethyl-1H-pyrazol-1-yl) succinic acid isomeric 
mixture (DMPSA) with NBPT under rainfed conditions whilst simulta
neously measuring N2O and NH3 emissions. The use of a double inhib
itor was confirmed as the most-effective option among other 
enhanced-efficiency fertilizers for increasing N recovery in the crop 

(Sha et al., 2020), thus reducing the risks for high N surpluses and N 
losses to the atmosphere or waterbodies. However, even though several 
global studies have found a significant effect of enhanced-efficiency 
fertilizers on N use efficiency (NUE) and yields, this is often masked 
under field conditions where recommended N rates are often used (Rose 
et al., 2018). No significant increases in crop N uptake have been re
ported with the double inhibitor with respect to urea alone in some 
previous studies (e.g., Guardia et al., 2018a; Fu et al., 2020; Recio et al., 
2020; Montoya et al., 2021). Nevertheless, the significant improvements 
found by e.g., Zaman and Nguyen (2012), Zaman et al. (2013), or Zhao 
et al. (2017), as well as the positive trends regarding oil yield (Montoya 
et al., 2021) or protein content and composition (Guardia et al., 2018a) 
under rainfed Mediterranean conditions suggest that this effect should 
be still explored. 

In our field experiment, we measured NH3 volatilization in a non- 
tilled wheat (Triticum aestivum L.) crop using the IHF method with 
three replicates in order to evaluate the mitigation potential of a double 
nitrification and urease inhibitor at seeding and dressing fertilization. In 
addition, the variability and the statistical significance of using three 
replicates for the NH3 fluxes compared with two were studied. The side- 
effects on soil mineral N, N2O emission, methane (CH4) uptake, carbon 
dioxide (CO2) fluxes, yield and NUE indicators were also evaluated. We 
hypothesized that under the conditions of our study, the use of the 
double inhibitor would mitigate NH3 and N2O losses (Recio et al., 2020), 
whilst increasing aboveground N uptake (Guardia et al., 2018a; Sha 
et al., 2020). 

2. Materials and methods 

2.1. Site description 

The experiment was carried out during one annual cropping 
campaign (2019–2020) at the “Centro Nacional de Tecnología de 
Regadíos CENTER”, situated near Madrid (central Spain, latitude 
40◦25́N, longitude 3◦29′W). The experiment was split into three periods: 
from seeding fertilization to dressing fertilization (Period I), from 
dressing fertilization to harvest (Period II) and from harvest to the end of 
the experimental period (Period III). The experiment ended when the 
next crop was seeded, thus covering the whole wheat cycle and post- 
harvest period. The site has a typical Mediterranean climate with most 
rainfall occurring during spring and autumn and a dry and hot period 
during summer. During the last 10 years, the mean air temperatures 
during the months corresponding to Periods I, II and III were 5.5, 15.3 
and 23.2 ◦C, respectively. Average cumulative rainfall during these pe
riods was 109, 151 and 33 mm, respectively. The soil is a silt loam 
(Bouyoucos) Typic xerofluvent, (Soil Survey Staff, 2014) whose main 
physicochemical properties in the topsoil (0–15 cm) are: clay, 85.4 g 
kg− 1; silt, 520.3 g kg− 1; sand, 394.3 g kg− 1; pH (soil: water 1:2.5), 8.2; 
electrical conductivity (soil: water 1:5), 0.56 dS m− 1; total carbonates 
(calcimeter), 132.1 g kg− 1; total organic matter (Walkley-Black), 22.8 g 
kg− 1; bulk density (core samplers, Grossman and Reinsch, 2002), 1.4 g 
cm− 3. Data for the daily rainfall and daily air and soil temperatures were 
obtained from the meteorological station located at the field site. 

2.2. Experimental design and management 

Three different treatments: urea (U); urea with the double inhibitor 
NBPT+DMPSA (U+DI) and a control with no N fertilization, were ar
ranged in a randomized block design with three replicates (Fig. S1). The 
plots had a surface area of 0.14 ha (36 m × 40 m) with a separation of 50 
m. In the previous campaigns (2018–2019 and 2017–2018), the field 
was seeded with barley (Hordeum vulgare L.) and rape (Brassica napus L.), 
respectively. The field has been traditionally managed with conven
tional tillage, but the no-tillage management was first established for the 
barley crop campaign (2018–2019). Wheat (Triticum aestivum L. var. 
‘Marcopolo’ was sown at the end of October over the residues of the 
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previous crop (second campaign under no-tillage) at 200 kg seed ha− 1. 
Previously, the herbicides ‘Cosmic’ ® (glyphosate 36% w/v) and ‘Trago’ 
® (derivate of 2,4-D) were applied at 2.5 and 0.5 L ha− 1, respectively. 
The fertilizers were applied at a rate of 40 kg N ha− 1 (seeding fertil
ization, 26th November 2019) and 120 kg N ha− 1 (dressing fertilization 
at tillering stage, 18th February 2020), giving a total rate of 160 kg N 
ha− 1. For the U+DI plots, the percentage of DMPSA in the fertilizer was 
0.8% of ureic-N, while the urease inhibitor NBPT was 0.13% of the ureic- 
N. This fertilizer was supplied by EuroChem Agro. To guarantee an even 
application of fertilizers, we split the plots in 16 quadrants and applied 
the same amount of fertilizer to each. The field was kept free of pests 
following local practices, and two ancillary irrigation events (on 26th 
February and 9th March, 25 mm in total) were applied due to the dry 
and warm conditions following dressing fertilization. 

2.3. NH3 volatilization measurements and the effect of the number of 
replicates 

Ammonia fluxes were measured using the micrometeorological 
mass-balance integrated horizontal flux (IHF) method as described in 
detail by Recio et al. (2018). Briefly, each central mast was equipped 
with five passive flux samplers (Leuning et al., 1985; Viguria et al., 
2015) consisting of traps of oxalic acid, placed at different heights (0.25, 
0.65, 1.25, 2.05 and 3.05 m above crop canopy). Two additional back
ground masts with three passive flux samplers (0.25, 1.25, 3.05 m 
height) were placed outside of the fertilized plot (more than 50 m apart, 
Fig. S1) in the dominant wind direction for the area, in order to deter
mine NH3 background concentrations. Passive flux samplers were 
changed and/or collected 1, 3, 6, 9 14, 17, 23, 31 and 43 days after basal 
fertilization (Period I); and 1, 3, 6, 9, 13, 16, 21, 29 and 35 days after 
dressing fertilization (Period II). The IHF method permits the calculation 
of cumulative NH3 emissions over the entire period as the sum of NH3 
volatilized during each measurement period. The net vertical flux (F, 
µg m− 2 s− 1) from the treated surface is then calculated as explained in 
Bai et al. (2017) and Recio et al. (2018). Briefly, the horizontal fluxes are 
integrated over the height intervals and divided by the distance between 
the downwind and upwind boundaries (fetch), as follows: 

Fvert =
1
x

[∫ zi

zi− 1

(
u⋅C

)

plot
⋅dz −

∫ zi

zi− 1

(
u⋅C

)

bg
⋅dz

]

(1)  

Were Fvert is the vertical flux, x is the mean fetch length, zi-1 and zi denote 
the height interval and the vector product u⋅C is the mean horizontal flux 
(u is the mean horizontal wind speed and C is the NH3 concentration 
(μg m− 3) in the air which is trapped in the different passive flux sam
plers). Because of the design of the passive flux samplers, the influence 
of the wind speed is negligible and so the value of the mean horizontal 
flux (u⋅C) is equated (by using a mass balance equation) to the mass of 
NH3 collected per unit of time (sampling period) and the effective cross- 
sectional area of the sampler, which is determined in wind tunnel cali
brations. Ammonia flux at the upwind mast position (plot) is subtracted 
from the downwind mast position (background, bg). Due to the rectan
gular shape of the plots, fetch length was calculated based on the mean 
wind directions (data from the meteorological station located at the 
experimental site) for one-hour periods. 

Most studies in which NH3 volatilization was measured using IHF 
methodology, were performed with two replicates (e.g., Sanz-Cobena 
et al., 2011; Recio et al., 2018, 2020; Montoya et al., 2021). In this trial, 
the variability obtained with three replicates (i.e., standard deviations) 
was analyzed. The statistical differences between the total cumulative 
fluxes for U and U+DI using the nine possible combinations of two 
replicates were analyzed using the Student-t-test at P < 0.05. 

2.4. GHG sampling and analyses 

Greenhouse gases were sampled using opaque static chambers 

(closed during one hour and placed over stainless steel rings). Two 
chambers (36 cm diameter, 19 cm height) per plot were randomly 
distributed and fertilized individually at the same rate as the corre
sponding main plots. The sampling frequency was 2–3 times per week 
during the first month after fertilization (Periods I and II). Afterwards, 
the sampling frequency gradually decreased, except when rainfall/irri
gation events took place. During Period III, gas samples were only taken 
monthly, except after rainfall events. Three samples (0, 30 min and 
60 min after closure) were taken at each sampling event, and the fluxes 
were calculated by linear regressions as recommended for three sam
pling points (Venterea et al., 2012). The plants fit under the chambers 
throughout the wheat cycle, so it was not necessary to clip them. More 
details about the chambers and sampling procedure can be found in 
Guardia et al. (2018a). Greenhouse gas concentrations were measured 
using a gas chromatograph HP-6890 GC (Agilent Technologies, Barce
lona, Spain) with ECD and FID detectors, as described in Guardia et al. 
(2018a). Cumulative emissions were calculated by linear interpolation 
between consecutive sampling dates. 

2.5. Soil and crop sampling and analyses 

Soil samples (four soil cores in the 0–10 cm layer) were taken on all 
gas sampling occasions, even though soil mineral N was only analyzed 
for approximately half of them (with increased frequency after both 
fertilization events). The soil samples were extracted (soil:KCl 1 M 
1:6.25) and then N-NH4

+ and nitrate (N-NO3
- ) were analyzed by colori

metric detection using a flow injection analyzer. For all soil sampling 
occasions, the water-filled pore space (WFPS) was calculated using the 
bulk density and soil moisture by oven-drying at 105 ◦C. At harvest, 
wheat biomass was collected for four 0.25 m × 0.25 m squares in each 
plot and transported to the laboratory to separate grain and straw, which 
were weighed to estimate grain and straw yields and the harvest index. 
Once the plot samples were homogeneously mixed, a representative 
subsample of grain and straw was chosen to analyze total N in grain and 
biomass using the Dumas method, as explained in Guardia et al. 
(2018a). Soil dissolved organic C (DOC) and water-soluble N were 
determined by extracting homogeneously mixed soil with deionized 
water (1:6.25), and then analyzed with a total organic C and N analyzer 
(multi N/C 3100 Analityk Jena) by the Dumas method. The equipment is 
provided with IR and chemiluminiscence detectors to analyze the 
gaseous compounds derived from C and N, respectively. The data of 
these two soil variables (DOC and water-soluble N) were only used for 
the multivariate analyses. 

2.6. NUE calculations and statistical analyses 

Crop recovery efficiency (CRE) was calculated using the following 
equation: 

CRE =
UN − U0

F
(2)  

Were ‘UN’ and ‘U0’ are the total plant N taken up into the removed plant 
components (grain + straw) for the fertilized (U and U+DI) and control 
plots, respectively; and ‘F′ was the total N applied with the fertilizer 
(160 kg N ha− 1). The partial nutrient balance (PNB, denoted as ‘NUE’ by 
the EU Nitrogen Expert Panel and the study of Quemada et al., 2020) 
index was calculated as the ratio between ‘UN’ and ‘F′. The N surplus was 
estimated by the difference between ‘F′ and ‘UN’ (Quemada et al., 2020). 

The statistical analyses, performed with Statgraphics software, con
sisted of analyses of variance taking into account the experimental 
design, i.e., “Block” and “Fertilizer” effects were included in the linear 
model. Previously, the variance homogeneity (Levene) and data normal 
distribution (Shapiro-Wilk) were checked, and the data were log- 
transformed when these assumptions were not met. Orthogonal 
contrast analyses were performed for comparing the different 
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treatments (U versus U+DI and fertilized treatments versus control) at 
P < 0.05 significance level. The P values of each contrast were obtained 
using Student’s t distribution with degrees of freedom equal to those of 
the model residual. Linear correlation analyses between soil parameters, 
temperatures and gaseous fluxes were also conducted (previously 
checking the normal distribution of the data). Two types of analyses 
were performed: i) using the average values at each sampling event 
(n = number of sampling days); and ii) using the average or cumulative 
values throughout the experiment (n = number of experimental units). 

3. Results 

3.1. Environmental conditions, soil moisture and mineral N 

Mean air temperatures during periods I, II and III were 7.8, 13.8 and 
21.5 ◦C, respectively (Fig. 1a). The cumulative rainfall in periods I, II 
and III was 107, 206 and 106 mm, respectively (Fig. 1a). The average 
maximum daily wind speed during the first week after fertilization was 
6.8 and 3.9 m s− 1 in periods I and II, respectively (data not shown), 
while mean air temperatures were 11.0 and 7.9 ◦C, respectively. Soil 
WFPS ranged from 17% to 72% (Fig. 1b). The first month after seeding 
fertilization, all WFPS values were between 50% and 70%. However, 
during the first month after dressing fertilization, several values be
tween 30% and 50% were also observed. After harvest (Period III), in
termediate values (41–64%) were reported after rainfall events. 

The double inhibitor tended to increase N-NH4
+ concentrations in the 

topsoil in the first and second Period (Fig. 2a). The effect of the NBPT 
was observed during the first week after basal fertilization (Fig. 1c), 
decreasing average N-NH4

+ contents on 27th November. The effect of 
DMPSA enhancing N-NH4

+ contents was observed 9 days after fertiliza
tion. A similar behavior was observed after dressing fertilization (second 
period), in which the use of the double inhibitor decreased N-NH4

+

concentrations until 9 days after fertilization, with an increase there
after, particularly on 24th March. After harvest (Period III), all N-NH4

+

concentrations were below 15 mg N kg soil− 1 (Fig. 1c) and tended to be 
higher in the control (Fig. 2a). 

During the first Period, an effect of the double inhibitor on soil N- 
NO3

- availability was observed on some days (e.g., after mid-December, 
Fig. 1d), but no significant differences were observed in the average 
values for the whole period after seeding fertilization (Fig. 2b). 
Conversely, the significant reductions of N-NO3

- in U+DI with respect to 
U after dressing fertilization led to lower (P < 0.05) average N-NO3

- 

concentrations in the second Period and during the whole cropping 
cycle. The lowest soil mineral N contents were observed in the control 
plots (Fig. 2). After harvest (Period III), soil N-NO3

- availability increased 
notably after the rainfall events in all treatments, including the control 
(Fig. 1d and 2b). 

3.2. Gaseous emissions 

3.2.1. Ammonia volatilization and effect of the number of replicates 
After seeding fertilization, NH3 fluxes peaked at 1 and, particularly, 3 

days after fertilization, reaching 113.4 and 42.3 g N ha− 1 day− 1 for U 
and U+DI, respectively (Fig. 3a). Afterwards, daily fluxes decreased to 
values below 8 g N ha− 1 day− 1. Cumulative emissions were significantly 
reduced in U+DI treatment in comparison with U (Table 1), accounting 
for 23.8% and 15.4% of N applied for U and U+DI, respectively. After 
dressing fertilization, maximum fluxes were reported 6 days after 
fertilization, reaching a flux of 34.7 and 10.3 g N ha− 1 day− 1 for U and 
U+DI, respectively (Fig. 3b). Afterwards, daily fluxes decreased and 
were below 2.5 g N ha− 1 from 16 days after fertilization in both treat
ments. Cumulative volatilization was also significantly higher for U than 
for U+DI (5.9% and 1.7%, respectively, of the total N applied at 
dressing). 

The hypothesis test for all the possible combinations of two replicates 
(Table 2) showed that five of the nine combinations would not reject the 

null hypothesis at the end of the experimental period (P > 0.05, three of 
them with P > 0.10) as opposed to that for three replicates (Table 1). 
With respect to the variability of the three replicates for the different 
periods, in the case of U, which was the treatment with the highest NH3 
fluxes, the average values ± standard deviations in Periods I, II and total 
were 9.5 ± 2.9, 7.1 ± 0.9 and 16.6 ± 3.6 kg N ha− 1, respectively. 

3.2.2. Nitrous oxide emissions 
After seeding fertilization, N2O fluxes increased in the N-fertilized 

treatments, particularly in U, reaching 1.4 mg N m− 2 d− 1 14 days after 
fertilization (Fig. 1e). One month after fertilization, fluxes in U 
decreased to similar values as the unfertilized control. A similar 
behavior was observed after N application at dressing, even though in 
this case the daily fluxes for U reached 2.8 mg N m− 2 d− 1. During Pe
riods I and II, the N2O fluxes in the U+DI treatment were low and similar 
to those from the control plots, with a maximum value of 0.3 mg N m− 2 

d− 1. After harvest (Period III), short-lived episodes of N2O peaks 
(Fig. 1e) were detected, particularly after a rainfall event in mid-August 
(25 mm, Fig. 1a), reaching 0.9 mg N m− 2 d− 1 in U treatment. This post- 
harvest period accounted for 15% (U) to 45% (control) of total cumu
lative emissions (Table 1). The double inhibitor decreased annual cu
mulative N2O emissions by 91.6% with respect to U (P < 0.05; Table 1), 
and its mitigating effect was significant in Periods I and II, while a 
similar but non-significant reduction (P < 0.06) was also observed in 
Period III. Cumulative N2O emissions were significantly correlated with 
average N-NO3

- concentrations (Table S1, P < 0.001, n = 18, r = 0.90), 
while daily N2O fluxes were positively correlated with soil WFPS 
(Table S2, P < 0.01, n = 34, r = 0.46) and respiration fluxes (P < 0.05, 
n = 34, r = 0.37). 

3.2.3. Methane and respiration fluxes 
Fertilized and control plots were net CH4 sinks (Table 1), although 

some positive fluxes were observed occasionally in the three experi
mental periods, most notably those on 5th May (0.8 mg C m− 2 d− 1), 
14th August (1.0 C m− 2 d− 1, 3 days after the soil rewetting) and 13th 
October (1.1 C m− 2 d− 1) (Fig. S2a). Methane uptake was negatively 
correlated with dissolved organic C content (P < 0.001, n = 14, 
r = − 0.82). Cumulative CH4 consumption rates were higher in U+DI 
than in U (0.05 < P < 0.10, Table 1). Daily respiration fluxes (Fig. S2b) 
ranged from 0.1 to 1.1 g C m− 2 d− 1 and from 0.8 to 7.0 g C m− 2 d− 1 in 
Periods I and II, respectively. No significant differences in CO2 emissions 
were observed between treatments in any of these two periods or in the 
annual cumulative fluxes (Table 1). After harvest, the mid-August 
rainfall also caused a short-term rise in CO2 fluxes, particularly in the 
fertilized plots. 

3.3. Yield components and N use efficiency 

The unfertilized control had statistically similar straw and grain 
yields (Table 3) as the fertilized treatments. However, the control 
treatment tended to have larger (P = 0.118) and smaller (P = 0.053) 
grain and straw yields, respectively, in comparison with the fertilized 
plots. Therefore, the control had a higher harvest index than U and U+DI 
(by 23.5% on average). However, the plots that did not receive any N 
from synthetic fertilizers had significantly lower N concentrations in 
both straw and grain. As a result, the N yield in aboveground biomass 
(straw + grain) was higher in U and U+DI than in the control plots 
(P < 0.01). When comparing the fertilized treatments with each other, 
no significant differences were found in grain and straw yields or the 
harvest index. The use of the double inhibitor, however, resulted in a 
numerically larger N content in straw (by 22%) and grain (by 5%). In 
comparison with U, the U+DI treatment significantly increased both 
PNB and CRE (by 14% and 36%, respectively), and decreased N surplus 
by 37% (P < 0.05). 
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Fig. 1. (a) Air and soil temperatures, rainfall/irrigation, (b) soil WFPS, (c) soil NH4
+ and (d) NO3

- concentrations, and (e) N2O emissions during the experimental 
period. Treatments were urea (U), urea + NBPT + DMPSA (U+DI) and control. Vertical bars indicate standard errors, and the arrows denote the fertilization events. 
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4. Discussion 

4.1. Ammonia volatilization 

Spain is one of the countries that exceed national NH3 emission 
thresholds, so implementing NH3 mitigation practices is a priority in the 
agricultural sector in this country (Sanz-Cobena et al., 2014a, 2014b). So 
far, little attention has been paid to the possible increase in N volatili
zation due to the expansion of non-tilled crops, as recently confirmed by 
Ma et al. (2021). The use of no tillage is increasing in Spain, the leading 
European country in the adoption of this practice (8% of the total surface 
of herbaceous crops, AEAC.SV, 2020), while this practice is also being 
extensively adopted in other countries worldwide (Shakoor et al., 2021). 
Moreover, urea remains the most used N-fertilizer in Spain (MAPA, 
2018) and many other countries and so the contributions of urea to 
national NH3 inventories should not be neglected. Our results show that 
the double inhibition from DMPSA + NBPT could be effective in 
reducing NH3 emissions from urea in non-tilled agro-ecosystems. 

The meteorological conditions during the days following fertilization 
might explain the higher cumulative NH3 losses during the first Period 
than after dressing application (Table 1), despite the larger amount of 
synthetic N applied in Period II (120 kg N ha− 1) than in Period I 
(40 kg N ha− 1). Cumulative rainfall in the first 7 days after fertilization 
was 19.4 mm (2.6 mm during the first three days) and 0.2 mm in Pe
riods I and II, respectively (Fig. 1a). Small amounts of precipitation are 
expected to stimulate NH3 volatilization (Sanz-Cobena et al., 2011) 
since they act to dissolve urea without incorporating the fertilizer. In 
Period II, emissions were lower, but the peak lasted longer (Fig. 3), 

possibly because of the drier conditions, which led to lower urea 
dissolution rates mediated by surface moisture (dew). The higher N-NH4

+

rates sampled after dressing (reaching up to 120 kg N ha− 1, Fig. 1c) were 
not in agreement with this hypothesis, although the large variability in 
NH4

+ concentrations and the non-accounting of many potential entry or 
loss pathways to the mineral N pool add significant uncertainties to 
these soil recovery calculations. Volatilization is also strongly dependent 
on wind speed and air temperatures (Voglmeier et al., 2018). The con
ditions for NH3 volatilization were more favorable after N application in 
the autumn (i.e., windier and warmer, see Section 3.1), thus possibly 
explaining the higher emissions. In addition, during the early stages of 
crop development, the “mulching effect” of previous crop stover and the 
higher urease concentrations produced by these residues, particularly 
under no-till management (Pinheiro et al., 2018) are more influential 
than after tillering, and could have also contributed to the higher 
emissions in the first Period (Fig. 3a, Table 1). The higher N uptake at the 
critical tillering stage (dressing fertilization) than that at seeding (basal 
fertilization) could have also contributed to reduce volatilization rates 
(Xia et al., 2017). 

The use of the DMPSA + NBPT inhibitor mitigated NH3 volatilization 
by 50.5% after both periods (35.4% and 71.0% for Periods I and II, 
respectively). In any case, the mitigation efficacies were slightly higher 
than those obtained by Ti et al. (2019) for urease inhibitors and wheat 
crops in a global meta-analysis. Our results suggest, therefore, that the 
combination of DMPSA with NBPT does not penalize the mitigation 
effect of the urease inhibitor alone. 

4.2. Influence of the number of replicates on cumulative volatilization 
rates measured by the IHF method 

The use of the IHF method for measuring NH3 fluxes has generally 
been limited to one or two replicates due to operational and surface 
constraints (Recio et al., 2018). While differences between U and U+DI 
using three replicates were statistically significant (Table 1), five of the 

Fig. 3. Daily NH3 fluxes after seeding (a) and dressing fertilization (b) in urea 
(U) and urea + NBPT + DMPSA (U+DI). Vertical bars indicate standard errors. Fig. 2. Average NH4

+ and NO3
- concentrations for the urea (U), urea + NBPT +

DMPSA (U+DI) and control treatments during three periods and for the whole 
experimental period. The three periods were: from seeding fertilization 
(November 2019) to dressing fertilization (mid-February 2020, Period I), from 
dressing fertilization to harvest (mid-June, Period II) and from harvest to the 
end of the experimental period (Period III). Vertical bars indicate stan
dard errors. 
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nine combinations of replicates would confirm the null hypothesis 
(Table 2) for the conditions of our study. Our results suggest that the bias 
when using two replicates is negligible when NH3 fluxes are low (e.g., in 
Period II, standard deviation for U accounted for 13.2% of the average 
value). The effect of the number of replicates is, however, noteworthy 
when fluxes are higher (e.g., in Period I the standard deviation for U was 
2.9 kg N ha− 1, equivalent to 30.5% of the average value). Under the 
conditions of our study, the estimates of NH3 volatilization from urea 
would have differed from the three-replicate average value by − 10.9% 
to + 10.6% (− 16.9% to +12.9% in the first period) if only two replicates 
had been used (i.e., the combinations leading to the lowest and highest 
volatilization rates). However, it should be pointed out that our con
clusions about the number of replicates are based on a small dataset and 
are site-specific. Therefore, further research is needed to analyze in 
depth the effect of varying the number of replicates on the experimental 
bias, variability of data and the mitigation potential of recommended 
strategies. 

4.3. Nitrous oxide emissions 

The use of a combined nitrification and urease inhibitor was chosen 
in this experiment with the goal of achieving an effective mitigation of 
both NH3 and N2O emissions. The presence of NBPT delays the hydro
lysis of urea for 10–15 days, thus favoring the incorporation of the fer
tilizer into the soil. During this period, the availability of the substrate 
for nitrification (NH4

+) is expected to decrease (Fan et al., 2018), as was 
indeed observed following both fertilization events (Fig. 1c, Section 
3.1). The DMPSA inhibitor, which acts as a copper (Cu) chelator (Cor
rochano-Monsalve et al., 2021b), delays the oxidation of NH4

+ to hy
droxylamine (Ruser and Schulz, 2015), which is the first step of 
nitrification, a process that leads to the emissions of N oxides as 
by-products (Butterbach-Bahl et al., 2013). Therefore, its addition is 
expected to increase topsoil NH4

+ concentrations once the effect of NBPT 
has ended (Fig. 1c), and the combined use of both products (NBPT and 
DMPSA) may lead to a temporary (e.g. a few weeks following N appli
cation) reduction of soil NO3

- content (Fig. 1c). Our soil measurements of 
mineral N were, therefore, consistent with these dynamics, particularly 
following dressing fertilization. The reduction of NO3

- availability indi
rectly limits the emission of N2O from denitrification, a stepwise 
reduction process that is dominant at WFPS > 60% (Pilegaard, 2013) 
and/or in soil anaerobic microsites, especially when crop residues are 
present (Li et al., 2016; Rummel et al., 2020). Favorable conditions for 
this process (and its coupling with nitrification) could have occurred 
under our conditions after both fertilization events (Fig. 1b). 

The double inhibitor also tended to mitigate the pulse after the 
rewetting episode in summer (Fig. 1e), even though the effect of the 
nitrification inhibitor DMPSA is not expected to remain after nearly 
seven months following dressing fertilization. Guardia et al. (2018a) did 

Table 2 
Difference between estimated means, standard error (SE), degrees of freedom 
(df), confidence interval (lower and upper confidence level, CL) and hypothesis 
test (t ratio and P value) for the 9 possible combinations of replicates in urea (U) 
and urea + NBPT + DMPSA (U+DI) for the cumulative volatilization fluxes in 
Period I + Period II.  

Contrast Estimate SE df Lower 
CL 

Upper 
CL 

t ratio P 
value 

U+DI - U -6.169 1.855 2 -14.152 1.814 -3.325 0.080 
U+DI - U -7.116 1.748 2 -14.636 0.404 -4.071 0.055 
U+DI - U -6.438 1.969 2 -14.911 2.036 -3.269 0.082 
U+DI - U -8.007 3.629 2 -23.620 7.607 -2.206 0.158 
U+DI - U -8.954 3.575 2 -24.336 6.428 -2.504 0.129 
U+DI - U -8.276 3.688 2 -24.146 7.595 -2.244 0.154 
U+DI - U -9.734 1.959 2 -18.163 -1.305 -4.969 0.038 
U+DI - U -10.681 1.857 2 -18.672 -2.689 -5.750 0.029 
U+DI - U -10.003 2.067 2 -18.898 -1.107 -4.838 0.040  
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not find any effect of the double inhibitor on a rewetting peak after 
summer. However, Montoya et al. (2021) observed a significant miti
gation of N2O emissions with the double inhibitor (in comparison with 
urea) for a rewetting pulse that occurred around 3 months after dressing 
fertilization. All of these results under rainfed Mediterranean conditions 
suggest that the double inhibitor can be effective regardless of the effect 
during the N2O peaks after rewetting episodes. Our results confirm the 
relevance of these peaks in semi-arid areas and the need for considering 
the post-harvest period to obtain reliable emission factors (Cayuela 
et al., 2017; Shang et al., 2020). 

The emission factor from urea alone (0.66%) was slightly higher than 
the new revised factor from IPCC (2019) for semi-arid areas (0.5%), 
which is the same as that proposed by the meta-analysis of Cayuela et al. 
(2017) under rainfed Mediterranean conditions. The emission factor 
from U+DI (< 0.1%) was within the range obtained by Cayuela et al. 
(2017) for inhibitors in Mediterranean areas. 

4.4. Methane and soil respiration fluxes 

The U+DI treatment increased cumulative CH4 oxidation with 
respect to urea alone at a > 90% confidence level (Table 1). Studies, 
such as those of Rime and Niklaus (2017) or the meta-analysis of Qiao 
et al. (2015) have not found a significant effect of nitrification inhibitors 
or an influence of environmental or management conditions on CH4 
fluxes. Current available information regarding the effect double 
nitrification-urease inhibitors is scarce, although no effect on CH4 sink 
has been reported by e.g., Guardia et al. (2018a) or Montoya et al. 
(2021). Our results were mainly driven by the enhanced uptake poten
tial observed in Period I (Table 1), some days during Period II (10th 
March – 22nd April) and immediately after the August rewetting event 
(Fig. S2a). These periods generally coincided with higher topsoil NH4

+

concentrations in U+DI with respect to U plots (Fig. 1c), and also with 
lower concentrations of NO3

- (Fig. 1d) in the plots that received the 
double inhibitor. Temporary changes in the availability of mineral N 
species could have influenced the higher CH4 uptake in U+DI plots due 
to: i) the toxic effect of high NO3

- concentrations on methanotrophs 
(Chen et al., 2019); ii) methanotrophs being favored under conditions of 
hypoxia and NH4

+ availability (Walkiewicz et al., 2018); and iii) the 
effect of DMPSA on the availability of Cu (Corrochano-Monsalve et al., 
2021b) or iron, which are co-factors of methanogenic and methano
trophic enzymes (Glass and Orphan, 2012; Semrau et al., 2018). 

Carbon dioxide fluxes represent the respiration from soil microor
ganisms and crop roots. The highest fluxes coincided with spring warm 
temperatures, intense crop development stages, and also with high N 
availability in soil after dressing applications (Fig. 1a, c, d, Fig. S2b), as 
also found by Wang et al. (2019). The possible effect of DMPSA on 
non-target microbial communities described by Corrochano-Monsalve 
et al. (2020b) should be further explored since the U+DI treatments had 
reduced daily respiration fluxes after both fertilization events (e.g., 
mid-December, late-February to mid-April, Fig. S2b). This effect was 

diluted afterwards (Table 1), possibly because of the contribution from 
root respiration to the CO2 fluxes, which could even be increased with 
the double inhibitor due to the increased root biomass, as reported by e. 
g., Guardia et al. (2018b) for DMPSA in a maize crop. The numerically 
lower CO2 fluxes in the control with respect to the fertilized treatments 
also suggest a lower root development and respiration. The soil rewet
ting episode in mid-August (Fig. 1a, b) led to a remarkable response in 
CH4 fluxes (intense methanotrophic activity followed by a CH4 emission 
peak, Fig. S2a) and soil respiration (Fig. S2b), supporting the findings of 
Liang et al. (2016), Barnard et al. (2020) and Manzoni et al. (2020). 

4.5. Considerations about the experimental conditions and their effect on 
gaseous emissions 

Our experiment was established only two years after conversion from 
conventional tillage to NT. Therefore, it could be argued that the effect 
of the different treatments can be affected by the duration of NT man
agement. Although this factor has undeniable influence on N2O emis
sions as pointed out by e.g., van Kessel et al. (2013) and Huang et al. 
(2018), we hypothesized that the conclusions on the mitigation efficacy 
of the DI could be considered valid for the medium- to long-term. 
Volatilization of NH3 is a physical process which depends more on the 
environmental conditions and the presence of a plant mulch barrier 
(Pinheiro et al., 2018) than on the long-term changes of biochemical 
processes resulting from the adoption of no-till (Nunes et al., 2020). In 
the case of N2O, Huang et al. (2018) did not find any significant effect of 
experimental duration on the influence of no-till on N2O. Moreover, our 
results show a large and highly significant mitigation potential of the DI 
(Table 1), supporting the recent findings of Corrochano-Monsalve et al. 
(2021a) under humid conditions. It should be noted that the comparison 
between conventional tillage and NT was not evaluated in our experi
ment, even though the influence of tillage management on NH3 vola
tilization has recently been described to be significant at a global scale 
(Ma et al., 2021). We recommend that the interaction between the use of 
the DI or urea-only and different tillage practices and their effect on CH4 
and CO2 fluxes should be further explored, as well as the effect of the 
period under NT conditions. 

4.6. Crop yield and NUE 

The use of the double inhibitor improved the acquisition of N by the 
wheat plants, as demonstrated by the significant increases of CRE or PNB 
(and the reduction of N surplus) with respect to urea alone. An analysis 
of all field studies carried out in areas with less than 650 mm of annual 
rainfall reveals that only Zhao et al. (2017), who evaluated the combi
nation of DMPP and NBPT, found a significant increase of N uptake with 
the use of the double inhibitor, contrary to e.g., Souza et al. (2019). 
Other authors reported non-significant positive tendencies, e.g., 
Maharjan and Venterea (2013) or Ding et al. (2015), while Guardia et al. 
(2018a) or Montoya et al. (2021) obtained positive results for protein 

Table 3 
Grain and straw yields, N content in grain and straw, aboveground N uptake, harvest index, crop recovery efficiency (CRE), partial nutrient balance (PNB) and N 
surplus for the different treatments: urea (U), urea + NBPT + DMPSA (U+DI), and control. The P value was calculated with Student’s t-test and d.f. = 4. S.E. denotes the 
standard error of the mean.  

Treatment Grain yield N content in 
grain 

Straw 
yield 

N content in 
straw 

Aboveground N 
uptake 

Harvest 
index 

CRE PNB N surplus 

(kg ha− 1) (%) (kg ha− 1) (%) (kg N ha− 1)  (%)  (kg N ha− 1) 

U 2706 2.9 5233 0.82 119.1 0.34 27.3 0.74 40.9 
U+DI 2770 3.0 5256 0.99 134.7 0.34 37.0 0.84 25.3 
Control 3109 1.9 4291 0.41 75.5 0.42 – – – 
S.E. 152.5 0.04 435.2 0.05 5.2 0.00 2.0 0.02 3.3 
Control versus 

fertilized 
P = 0.118 P = 0.000 P = 0.053 P = 0.002 P = 0.001 P = 0.000 – – – 

U+DI versus U P = 0.780 P = 0.075 P = 0.957 P = 0.081 P = 0.124 P = 0.520 P = 0.045 P = 0.045 P = 0.045  
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composition or oil yield in wheat and rape, respectively. 
The significant increases in aboveground N uptake values were a 

result of the increases in grain and –particularly- straw N concentrations 
(Table 3), since both grain and straw yields were similar for U and U+DI 
(and also the unfertilized control). Our results are consistent with the N 
response of wheat in Mediterranean cropping systems (Savin et al., 
2019), for which there is a trade-off between grain N concentrations and 
grain yields (Table S1). We obtained higher grain N concentrations 
(2.9%) than the average value for Mediterranean (2.4%) and 
non-Mediterranean European (1.8%) wheat crops, although the influ
ence of the cultivar type on potential protein content is also critical. The 
high protein contents are linked to an improvement of bread-making 
quality, shown by the positive correlation with SDS sedimentation test 
(an indicator of gluten strength) and the concentration of gluten proteins 
(gliadins and glutenins), which are related to e.g., dough extensibility 
and elasticity (Barak et al., 2013; Guardia et al., 2018a, 2019b). By 
contrast, we obtained lower than average (taking both fertilized treat
ments and comparing them with the average Mediterranean value, Savin 
et al., 2019) grain yield (2.7 versus 4.1 Mg ha− 1 or 3.0 Mg ha− 1 in the 
Madrid region, MAPA, 2018), aboveground N uptake (117 versus 
131 kg N ha− 1) and N utilization efficiency (ratio between grain yield 
and N uptake, 23 versus 33 kg grain kg N− 1). 

Low values of CRE (but not PNB) were obtained as a result of the high 
grain yields in the control treatment (Table 3) and the high N rate 
applied (160 kg N ha− 1), which may have largely exceeded crop de
mand, as supported by the significant residual soil N-NO3

- concentrations 
in Period III (Fig. 1d and 2b). In our study, the soil (a “missing input” for 
the PNB approach) contributed greatly to plant N uptake; and indexes 
such as PNB may overestimate the NUE as the response of crop to syn
thetic N fertilizer. Approaches such as PNB, which do not take into ac
count unfertilized control plots are, therefore, more appropriate for 
several years of continuous cropping and/or balances of complete ro
tations (Quemada et al., 2020). In any case, our results suggest i) a low 
potential of N mining in the short-term; and ii) that the inclusion of 
control plots can result in low CREs and high crop yields, if significant 
legacy N is available in the soil as a result of over-fertilizing previous 
crops. The use of control plots that have had several years without N 
application and an assessment of the variability of environmental con
ditions (rainfall, temperature) are recommended in future experiments 
to obtain fairer and more reliable values of some NUE indicators. 

Despite the statistically similar grain/straw yields (Table 3) and the 
larger harvest index in the control with respect to the fertilized plots; 
these results were offset by the increases in plant N concentrations, 
which led to higher N yields in the U and –particularly- U+DI treat
ments. Although the grain yields were similar to the average value for 
rainfed conditions in the Madrid region (MAPA, 2018), some strategies 
could be explored to increase grain yields and economic benefit, such as 
the adjustment of N rate by considering the yield potential of the area 
(avoiding N overdose) or selecting a wheat cultivar with higher grain 
yield potential rather than a cultivar with high protein accumulation 
potential (wheat cultivars suitable for bread-making). Our results 
confirm the opportunities offered by N management (use of a double 
inhibitor) to increase the economic returns (through the increases in 
protein content or NUE in our case) and decrease environmental impacts 
with the mitigation of gaseous N emissions and N surplus (as an indi
cator of N likely lost to the environment, Sanz-Cobena et al., 2014a, 
2014b). The cost-benefit-analysis of the use of the NBPT+DMPSA should 
be explored in further studies, considering the increase in the price of the 
fertilizer but also the potential increase of net income through e.g., 
enhanced protein concentration for bread-making products or animal 

feed, the potential reductions of synthetic N rates through CRE 
enhancement (Rose et al., 2018) or the potential policy incentives 
considering the reductions of environmental or health costs at a regional 
scale (Qiao et al., 2015). 

5. Conclusions 

Under the conditions of our study, the risk of increasing NH3 vola
tilization when no tillage management is implemented (as demonstrated 
by previous studies) can be considerably reduced by the use of a double 
urease nitrification inhibitor, without negative side effects on N surplus, 
CH4 uptake or N2O mitigation and with a significant enhancement of 
NUE. The mitigation rates for both NH3 and N2O losses were comparable 
to those reported for urease and nitrification inhibitors alone, respec
tively. The variability of meteorological conditions (which influence the 
effectiveness of enhanced-efficiency fertilizers) in rainfed cropping 
systems in semi-arid areas highlights the need for addressing the miti
gation potential in future experiments under different soil or climatic 
conditions. Our study also contributed to the knowledge base on GHG 
fluxes in the post-harvest period, when soil rewetting events signifi
cantly affect fluxes or uptake rates after long dry periods. In addition to 
the N2O emission peaks from rewetting events, which can contribute 
significantly to the emission factors in semi-arid areas, we also observed 
clear effects on soil respiration (pulse) and CH4 (a sink followed by net 
emission). Although these CO2 and CH4 fluxes are not that important 
when it comes to the global warming potential from agro-ecosystems (e. 
g., CH4 only compensated 2% (in urea alone) to 21% (with the double 
inhibitor) of N2O emissions under our conditions) exploring further 
these mechanisms will improve our knowledge on C balances and soil 
dynamics. 
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Walkiewicz, A., Brzezińska, M., Bieganowski, A., 2018. Methanotrophs are favored under 
hypoxia in ammonium-fertilized soils. Biol. Fert. Soils 54 (7), 861–870. 

Wang, R., Hu, Y., Wang, Y., Ali, S., Liu, Q., Guo, S., 2019. Nitrogen application increases 
soil respiration but decreases temperature sensitivity: combined effects of crop and 
soil properties in a semiarid agroecosystem. Geoderma 353, 320–330. 

Xia, L., Lam, S.K., Chen, D., Wang, J., Tang, Q., Yan, X., 2017. Can knowledge-based N 
management produce more staple grain with lower greenhouse gas emission and 
reactive nitrogen pollution? A meta-analysis. Glob. Change Biol. 23 (5), 1917–1925. 

Zaman, M., Nguyen, M.L., 2012. How application timings of urease and nitrification 
inhibitors affect N losses from urine patches in pastoral system. Agric. Ecosyst. 
Environ. 156, 37–48. 

Zaman, M., Zaman, S., Adhinarayanan, C., Nguyen, M.L., Nawaz, S., Dawar, K.M., 2013. 
Effects of urease and nitrification inhibitors on the efficient use of urea for pastoral 
systems. Soil Sci. Plant Nutr. 59 (4), 649–659. 

Zhao, Z., Wu, D., Bol, R., Shi, Y., Guo, Y., Meng, F., Wu, W., 2017. Nitrification 
inhibitor’s effect on mitigating N2O emissions was weakened by urease inhibitor in 
calcareous soils. Atmos. Environ. 166, 142–150. 

G. Guardia et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref47
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref47
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref48
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref48
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref48
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref49
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref49
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref49
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref49
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref50
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref50
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref50
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref50
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref51
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref51
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref51
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref52
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref52
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref52
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref53
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref53
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref54
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref54
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref54
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref54
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref55
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref55
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref55
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref56
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref56
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref56
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref57
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref57
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref57
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref57
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref58
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref58
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref58
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref59
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref59
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref59
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref60
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref60
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref61
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref61
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref61
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref62
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref62
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref63
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref63
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref64
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref64
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref64
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref65
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref65
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref65
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref66
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref66
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref66
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref67
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref67
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref67
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref68
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref68
http://refhub.elsevier.com/S0167-8809(21)00250-4/sbref68

	Increasing N use efficiency while decreasing gaseous N losses in a non-tilled wheat (Triticum aestivum L.) crop using a dou ...
	1 Introduction
	2 Materials and methods
	2.1 Site description
	2.2 Experimental design and management
	2.3 NH3 volatilization measurements and the effect of the number of replicates
	2.4 GHG sampling and analyses
	2.5 Soil and crop sampling and analyses
	2.6 NUE calculations and statistical analyses

	3 Results
	3.1 Environmental conditions, soil moisture and mineral N
	3.2 Gaseous emissions
	3.2.1 Ammonia volatilization and effect of the number of replicates
	3.2.2 Nitrous oxide emissions
	3.2.3 Methane and respiration fluxes

	3.3 Yield components and N use efficiency

	4 Discussion
	4.1 Ammonia volatilization
	4.2 Influence of the number of replicates on cumulative volatilization rates measured by the IHF method
	4.3 Nitrous oxide emissions
	4.4 Methane and soil respiration fluxes
	4.5 Considerations about the experimental conditions and their effect on gaseous emissions
	4.6 Crop yield and NUE

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supporting information
	References


