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Abstract: Nitrification inhibitors have been proposed as a tool to mitigate nitrous oxide (N2O)
emissions from agriculture, which are caused mainly by fertilization. The nitrification inhibitor
3,4-Dimethylpyrazole phosphate (DMPP) was tested in a winter rapeseed field after dairy slurry
application in Central Estonia. N2O emissions were monitored using the closed chamber method.
Soil and leachate chemical parameters were also analyzed. N2O emissions increased from pre-slurry
application values of 316 and 264 µg m−2 h−1 for the control and treatment plot, respectively,
to maximum values of 3130.71 and 4834 µg m−2 h−1, with cumulative emissions during the study
period of 12.30 kg ha−1 for the control plot and 17.70 kg ha−1 for the treatment plot. The intense
precipitation period that began with the application of the slurry resulted in changes in soil
moisture and water-filled pore space (WFPS), modifying the nitrification/denitrification balance.
Positive significant correlations (p = 0.016 and p = 0.037, for the control and treatment plot, respectively)
were found between N2O fluxes and WFPS. Future studies should consider the role of nitrifier and
denitrifier communities in order to better assess in-field nitrification inhibitor effectiveness.

Keywords: denitrification; DMPP; nitrous oxide; water-filled pore space

1. Introduction

Climate change is one of the most pressing environmental issues of our time. The urge to reduce
emissions of greenhouse gasses (GHG) such as nitrous oxide (N2O) is generally acknowledged [1].
Although N2O only accounts for approximately 6% of total annual anthropogenic GHG emissions,
while carbon dioxide (CO2) represents 76%, N2O has a global warming potential 265 times
(over 100 year period) that of CO2 [2]. Moreover, it currently constitutes the most important
ozone-depleting substance [3].

Anthropogenic sources represent almost 40% of global N2O emissions, of which agriculture accounts
for 67–80% of emissions [4]. The main reason that explains the contribution of agriculture to N2O
emissions is fertilization, both organic and inorganic, as well as N-fixing crops [4,5]. N2O emissions
from the soil are the product of three main processes: nitrification, denitrification, and nitrifier
denitrification [6–11]. Nitrification is the aerobic oxidation of ammonia or ammonium into nitrates,
and it is divided into two steps: the first is the oxidation of ammonium to nitrites, and the second
is the oxidation of nitrites to nitrates. Nitrification is carried out by ammonia-oxidizing bacteria
(AOB) and ammonia-oxidizing archaea (AOA) [12]. Although recent studies have suggested that AOA
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populations are more significant than those of AOB [13,14], AOB still remain accepted as the main cause
of nitrification [12,15–19], especially in N-rich soils [20], and specifically after ammonia application [17].
The main bacterial genera responsible for each step of nitrification in agricultural soils are Nitrosomonas,
especially in N-amended soils [8,21,22], and Nitrobacter [23,24], respectively. Denitrification is the
anaerobic reduction of nitrates to dinitrogen, with nitrites, nitric oxide, and nitrous oxide as intermediate
products [25]. The main key factors regulating nitrification and denitrification in soils are soil water
content, temperature, pH, soil ammonium and nitrate content, and carbon (C) availability [26,27].
Low pH limits both nitrification and denitrification, although nitrification is more sensitive to soil
acidity, and will be limited by values below 4.5, while denitrification can still take place at values as low
as 3.5 [28–31]. Ammonium (NH4

+) and nitrates (NO3
−) are the source of nutrients for nitrification and

denitrification, respectively [32]. NH4
+ availability is the most important factor conditioning autotrophic

nitrification [6], while NO3
− and C, which are the energy source for denitrifier organisms, are essential

for denitrification [30,33]. The water-filled pore space (WFPS) is used as a measure of soil moisture that
considers not only soil water content but also soil porosity [10]. As nitrification is an aerobic process
and denitrification is anaerobic, their prevalence is directly controlled by oxygen availability in the soil;
thus, WFPS is commonly used to estimate the prevalence of each of these processes [34–37], as well as
their importance.

Nitrogen is an essential element for plants, as it is a part of the plant proteins, DNA, and chlorophyll,
constituting the most determinant mineral element of crop yield obtained from the soil by plants [38].
Plants are able to use N in the form of NO3

− and NH4
+, but NO3

− is characterized by a low soil
retention [39], increasing the chances of losses through leaching. Reducing the production of NO3

−

will reduce nitrogen losses beyond the root’s reach due to leaching [40]. Reducing the oxidation of
NH4

+ to NO3
− will also indirectly reduce denitrification, as there will be no additional source of NO3

−

for denitrification, and therefore, losses through N2O and N2 from denitrification will be also reduced.
Nitrification inhibitors (NIs) have been proposed as a tool to reduce nitrogen losses from different
ecosystems by inhibiting the nitrification process [41]. By slowing down nitrification, NIs stabilize
nitrogen in the soil in the form of NH4

+, which can be then gradually absorbed by plants [42].
Different chemical compounds are commercially distributed as nitrification inhibitors, although the
most commonly used and studied in the last years are dicyandiamide (DCD) and 3,4-dimethylpyrazole
phosphate (DMPP). Their effectiveness has been assessed profusely; however, DCD has attracted
the most attention (Table S1, [43–45]), with the studies dedicated to DMPP being more scarce when
considering only croplands. Nevertheless, in recent years, increasing attention has been focused on
DMPP due to it not showing effects on non-target soil microorganisms. It has also been reported
to be very effective for inhibiting the activity of ammonia-oxidizing bacteria (AOB) and increasing
nitrogen use efficiency (NUE) and crop yield [46]. A meta-analysis by Yang et al. [45] established
an average reduction of N2O emissions of 47.6% for DMPP, compared to 44.7% for DCD. The effect
of the nitrification inhibitor DMPP is based on the delay of the oxidation of ammonium to nitrite
(and subsequently to nitrate), by slowing down the activity of the chemoautotrophic bacteria of the
genus Nitrosomonas spp. [47–49]. Both DMPP and DCD, as well as other NIs including Nitrapyrin and
3,4-dimethylpyrazole succinic (DMPSA), slow down the oxidation of NH4

+ to NO2
− by inhibiting the

activity of the enzyme ammonia monooxygenase (AMO) [41,50]. Although the specific mechanism
by which DMPP inhibits the activity is not clear, Ruser and Schulz [41] suggested that the inhibition
of nitrification occurs via Cu chelation, reducing the availability of Cu, which is a requirement of
ammonia monooxygenase [51,52].

The duration of the effect of manure application on N2O emissions depends on several factors,
but it is mainly controlled by precipitation and temperature [53,54]. Increases in N2O emissions after
nitrogen (N) application can last for about 6 weeks [55], with 77% of N2O emissions taking place in
the first 4 weeks after N fertilization in grasslands [26] and 67% of the total N2O emissions taking
place in the 7 weeks after slurry application [56]. On the other hand, the expected effect of DMPP on
Nitrosomonas lasts between 6–8 weeks depending mainly on soil temperature and moisture [22].
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Rapeseed (Brassica napus L.) is a key crop because it is cultivated for seed oil for human consumption,
with animal feed as a byproduct, but also as an energy crop. It is currently the primary raw material for
biodiesel production in the EU, accounting for 45% of the total production in 2017 [57]. While rapeseed
has been extensively grown for biodiesel production, uncertainties exist regarding the real impact of
rapeseed cultivation on climate warming [58]. Astover et al. [59] estimated, based on the ‘BioGrace
greenhouse gas calculation tool version 4d’ [60], that rapeseed cultivation had the highest potential
emissions per yield, both for global GHG and specifically for N2O emissions, for Estonia. In other
studies, significant N2O emissions from rapeseed fields have also been measured [27,61]. Also, in order
to fulfill the reduction requirements of the European Green Deal, establishing no net emissions of
greenhouse gases by 2050 [62], it is essential to minimize emissions from the production of materials
used as biodiesel. For instance, the Revised Renewable Energy Directive (2018/2001/EU) [63] on
the promotion of the use of energy from renewable sources requires a reduction of GHG emissions
from the use of rapeseed biodiesel of at least 52%. However, Pehnelt and Vietze [58] estimated
reductions of GHG emissions for different scenarios smaller than 35% with the use of rapeseed biofuels,
highlighting the need to reduce emissions from rapeseed production.

This experiment aimed to assess the effectiveness of the nitrification inhibitor DMPP on reducing
N2O fluxes in acid soils in a winter rapeseed field in Central Estonia. The hypothesis was that the
application of DMPP would reduce N2O emissions, slowing down the oxidation of NH4

+ into NO3
−

thus increasing the availability of NH4
+ in soil for plants.

2. Materials and Methods

2.1. Study Site and Experiment Set-Up

The experimental site is located in the central part of Estonia (Kehtna parish, Rapla county;
58◦55′22” N 24◦50′52” E; Figure 1). The field has a total size of 18.13 ha and the type of soil is sandy-loam
Gleysol (FAO, 2014) (Republic of Estonia Land Board’s Geoportal, https://xgis.maaamet.ee/maps/XGis).
The field had been sown the previous year with a grassland mix with a 20% of N-fixing species
(Tetraploid Trifolium pratense, 10%; Diploid Trifolium pratense, 5%; Trifolium repens, 5%; Lolium perenne,
35%; Dactylis glomerata, 10%; Festulolium, 20%; Festuca pratensis, 15%; Older Seeds OÜ, Saku, Estonia).
In 1964, a drainage system was installed in the field. The drainage system (Figure 1) can be divided
according to the direction of the flow: the western section of the field pours into the ditch bordering
the west side of the field, while the central and north sections pour to the Kuusiku river in the north.
In our study, the field was divided into two different plots: a control, and a treatment plot, with five
replications (chambers) each. Soil chemical parameters for both plots are shown in Table 1. The division
was based on the direction of the water leaching, allowing us to collect leaching samples from both
plots separately. Winter rapeseed (Brassica napus ‘DK Sequoia’) was sown in both plots on the 10th
of August of 2016 and harvested on the 26th of August 2017. On the 6th of August of 2016, a dairy
slurry with a pH of 8.02 and a content of NH4

+ of 6132 mg kg−1 (Table 2) was applied to the field at a
rate of 30 t ha−1. The slurry application was done via injection followed by the use of a rotary harrow.
On the control plot, the slurry was applied alone; on the treatment plot, the slurry was mixed with
the nitrification inhibitor DMPP (BASF, Ludwigshafen, Germany), at a rate of 3 L ha−1. The duration
of the study was 50 days, a period covering both the period of increased N2O emissions after slurry
application and of the expected action of DMPP.

https://xgis.maaamet.ee/maps/XGis
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Figure 1. The location of the experimental trial at Kehtna parish (Rapla county, 58°55′22″ N 24°50′52″ 
E) in Central Estonia. The white lines represent the main drainage system collectors. The red circles 
indicate the ends of drainage pipes where the leachate collection was carried out. The orange line 
indicates the in-field separation between the control and treatment plot. 

Table 1. The initial (pre-slurry application) main soil chemical parameters for the control and the 
treatment plot. 

Parameter Control Plot Treatment Plot 
BD (g cm−3) 1.107 1.124 

pHKCl 4.75 4.76 
DM (%) 68.36 69.04 

NO3−-N (mg kg−1) 51.11 50.99 
NH4+-N (mg kg−1) 3.08 4.35 

P (mg kg−1) 40.09 61.52 
K (mg kg−1) 105 147 

OM (mg kg−1) 12.04 10.91 
N (%) 0.66 0.60 
C (%) 6.82 6.09 
S (%) 0.11 0.08 

DN (mg kg−1) 110 120 
DOC (mg kg−1) 370 387 

BD: bulk density; DM: dry matter; OM: organic matter, DN: dissolved nitrogen; DOC: dissolved 
organic carbon. Italic characters indicate a significant difference (p < 0.05) according to the Wilcoxon 
signed-rank test. 

Figure 1. The location of the experimental trial at Kehtna parish (Rapla county, 58◦55′22” N 24◦50′52” E)
in Central Estonia. The white lines represent the main drainage system collectors. The red circles
indicate the ends of drainage pipes where the leachate collection was carried out. The orange line
indicates the in-field separation between the control and treatment plot.

Table 1. The initial (pre-slurry application) main soil chemical parameters for the control and the
treatment plot.

Parameter Control Plot Treatment Plot

BD (g cm−3) 1.107 1.124
pHKCl 4.75 4.76

DM (%) 68.36 69.04
NO3

−-N (mg kg−1) 51.11 50.99
NH4

+-N (mg kg−1) 3.08 4.35
P (mg kg−1) 40.09 61.52
K (mg kg−1) 105 147

OM (mg kg−1) 12.04 10.91
N (%) 0.66 0.60
C (%) 6.82 6.09
S (%) 0.11 0.08

DN (mg kg−1) 110 120
DOC (mg kg−1) 370 387

BD: bulk density; DM: dry matter; OM: organic matter, DN: dissolved nitrogen; DOC: dissolved organic carbon.
Italic characters indicate a significant difference (p < 0.05) according to the Wilcoxon signed-rank test.
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Table 2. Chemical parameters of the applied slurry (nutrient content values refer to DM part).

DM (%) pH KCl NH4-N (mg kg−1) NO3-N (mg kg−1) P (%) K (%) Mg (%) Ca (%)

7.88 8.02 6132 0.00 0.96 2.37 0.59 1.42

OM (%) C (%) N (%) S (%) DN (%) DIC (%) DC (%) DOC (%)

70.97 42.02 2.65 0.75 1.67 1.30 4.70 3.40

DM: dry matter; OM: organic matter, DN: dissolved nitrogen; DIC: dissolved inorganic carbon; DC: dissolved carbon;
DOC: dissolved organic carbon.

2.2. Environmental Parameters

At both study plots, the soil temperature was measured at four depths 5, 10, 20, and 30 cm
with a four-channel PT1000 temperature sensors (COMET SYSTEM, s.r.o, Rožnov pod Radhoštěm,
Czech Republic). Soil moisture and electrical conductivity were measured with a GS3 sensor connected
to a ProCheck handheld reader (Decagon Devices, Pullman, WA, USA). Field soil parameters were
measured for each plot on all GHG sampling dates.

Water-filled pore space (WFPS) was calculated using the equation [64]:

WFPS (%) = 100·
VWC

TP
(1)

where VWC is volumetric soil moisture content (m3 m−3), and TP is total porosity (%) calculated as [65]:

TP = 1−
BD
Dp

(2)

where BD is bulk density, and Dp particle density (both in g cm−3).
Climatological data (atmospheric pressure, precipitation, humidity, sunshine, air temperature,

air temperature at 2 cm of height, soil temperature, minimum soil temperature, maximum soil
temperature, visibility and wind direction) were obtained from the Kuusiku weather station
(WMO code 26134, 58◦58′23.3” N 24◦44′02.4” E, Estonian Weather Service, https://www.ilmateenistus.
ee/ilmateenistus/vaatlusvork/kuusiku-meteoroloogiajaam/), which is located approximately eleven
kilometers from the experiment location.

2.3. Soil and Leachate Sampling and Analysis

Soil and leachate samples were collected during the study period. Soil samples from a depth of
0–20 cm were taken in three replications, each one a mix of 10 different randomly collected samples
with the aid of a soil probe, from each plot in a 2-m radius around the chambers. Leaching water was
collected from the end of the drainage pipes (Figure 1). Soil and leaching water samples were taken
initially in a 2-day interval after the application of the slurry, and with smaller frequency afterward.
Sampling of leaching water was limited by the water level rising higher than the drainage pipes ends,
although it was possible to collect 8 days samples during the first 10 days.

Soil dry matter (DM) was measured by drying soil samples at 105 ◦C for 16 h. Soil organic matter (OM)
was determined by loss-upon-ignition following heating at 500 ◦C for four hours. Soil pH was determined
in a 2.5:1 KCl soil (v:w) suspension. Soil NO3

−-N and NH4
+-N were determined in 2M KCl extract of soil

by a flow injection analyzer FIAStar 5000 (Foss Tecator AB, Höganäs, Sweden). Soil available P and K
were extracted with ammonium lactate (0.1 M NH4CH3CH(OH)COO− + 0.4 M CH3COOH, pH 3.75) [66].
Available P in the extraction solution was determined by flow injection analysis by Tecator ASTN
9/84. Available K was determined from the same solution by the flame photometric method.
Total carbon (C), nitrogen (N), and sulphur (S) were determined using a vario MAX CNS Element
Analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany). Leaching water NO3

−-N
and NH4

+-N were measured via a flow injection analyzer FIAStar 5000 (Foss Tecator AB, Höganäs,
Sweden). Dissolved organic carbon (DOC) concentration was determined according to the EVS-EN 1484

https://www.ilmateenistus.ee/ilmateenistus/vaatlusvork/kuusiku-meteoroloogiajaam/
https://www.ilmateenistus.ee/ilmateenistus/vaatlusvork/kuusiku-meteoroloogiajaam/
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standard with a VARIO TOC analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany)
and dissolved nitrogen (DN) concentration according to the EVS-EN 12260 standard. Leaching soil water
DOC and DN concentrations were measured according to the same standards after extraction with H2O.

Slurry DM was determined by oven drying for 2 h at 135 ◦C [67] and organic matter by loss on
ignition [68]. Phosphorus was determined by Stannous Chloride and Ca by the o-Cresolphthalein
Complexone method, in Kjeldahl Digest by Fiastar 5000; K by the Flame Photometric method; Mg by
Titan Yellow method by Fiastar 5000 ASTN 90/92 and NH4-N using flow injection analyses by Tecator
ASN 65-32/84 [69]. Total C, N, and S were determined using a vario MAX CNS Element Analyzer
(Elementar Analysensysteme GmbH, Langenselbold, Germany). For the determination of total soluble
nitrogen (DN), total soluble carbon (DC), total soluble organic carbon (TOC), and total soluble inorganic
carbon (DIC) content in the slurry, H2O was used as extractant with solution in a 1:10 ratio (m/v),
extracted for 2 h, and then filtered through a 0.45 µm filter. TOC was determined according to
the standard EN 1484:1997, with the instrument VARIO TOC (Elementar Analysensysteme GmbH,
Langenselbold, Germany, temperature 850 ◦C). DN was determined according to the standard EN 12260.
Oxidation of the sample containing nitrogen via catalytic combustion occurred in an oxygen atmosphere
at >700 ◦C with nitrogen oxides. The quantification of the nitrogen concentration was carried out
by chemiluminescence detection, using VARIO TOC with HORIBA APNA-370 chemiluminescence
detector. Dissolved organic, inorganic, total carbon content, and dissolved nitrogen content were
expressed on the basis of oven-dried soil. The limit of quantitation for DC, TOC, and DIC was 20 mg
kg−1 and for DN 5 mg kg−1.

2.4. Flux Measurements

Nitrous oxide flux measurements were carried out with the closed chamber method [70,71],
using white opaque PVC chambers, with a height of 40 cm, a diameter of the collar of 50 cm, and a
total headspace volume of 65.5 L. Five chambers were used in each of the plots. Collars were
installed on-site 24 h before the first measurement to allow system stabilization. The N2O flux was
measured on 17 occasions from the 5th of August until the 22nd of September of 2016. The N2O flux
measurements were carried out in a higher frequency during the first two weeks after the application
of the slurry, and then with decreasing frequency, becoming weekly for the rest of the period. This was
done to capture the expected higher flux variability after the slurry application. Gas samples for
N2O measurement were collected over an hour in 20 min intervals (0, 20, 40, 60 min) into 20-mL
pre-evacuated (0.04 mbar) bottles.

The nitrous oxide concentration in the collected air samples was determined using the Shimadzu
GC-2014 gas chromatography system equipped with ECD, TCD, and FID sensors. The system is based
on the automated gas chromatographic system described by Loftfield et al. [72] and located in the lab
of the Department of Geography of the Institute of Ecology and Earth Sciences at the University of
Tartu in Estonia.

The N2O flux was calculated from the slope of the least-squares linear regression of the N2O
concentrations versus time (dC/dt), using the equation [73]:

f =
dC
dt
·

V
A

(3)

where f is the gas flux of N2O (µg m−2 h−1); C is the N2O concentration in the chamber air (µg m−3);
t is time (h); V is the volume (m3); and A is the surface area (m2) entailed by the chamber.

The adjusted R2 value of the linear regression was used to filter the data, discarding one of the
observations if necessary, using the remaining three [73] for flux calculation. Minimum R2 values of
0.90 and 0.99 were used to check the linearity of the measurements for four (n = 4) and three (n = 3)
measurement points, respectively. A chamber session was discarded when the R2 value did not meet
the criteria, but always leaving a minimum of three chamber measurements.
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Cumulative emissions were estimated by the time-integration of daily fluxes after gap-filling by
linear interpolation between sampling points [74].

2.5. Statistical Analysis

All statistical analyses were carried out using the R programming language [75]. No additional
package was required for the statistical analysis. Unless stated otherwise, the Wilcoxon signed-rank test
was used to compare treatments, and the Spearman’s rank correlation to analyze correlations between
N2O flux and soil and leachate chemical parameters and environmental data. Box-and-whisker plots
are presented following the conventions described by Tukey [76].

3. Results

3.1. Nitrous Oxide Flux

Nitrous oxide fluxes raised from the initial non-significantly different values of 316 and
265 µg m−2 h−1 for the control and the treatment plot, respectively, to 4834 ± 733.20 µg m−2 h−1

in the treatment plot and 1843 ± 554.53 µg m−2 h−1 in the control plot, one day after the slurry
application (Figure 2). Fluxes from the treatment plot were significantly higher on two of the four-day
periods following the application of the slurry. Fluxes were higher in the control plot between the
10th and the 14th day, and after that were again higher in the treatment plot, but differences were
not significant. The maximum flux, 3130.71. ± 725.74 µg m−2 h−1, was reached in the control plot on
the 13th day. At the end of the studied period, fluxes had stabilized around similar values (43 and
50 µg m−2 h−1 for control and treatment, respectively), and no significant differences between the plots.
The total cumulative emissions during the study period were 12.30 ± 1.81 kg ha−1 for the control plot
and 17.70 ± 1.54 kg ha−1 for the treatment plot. The final cumulative emissions were not significantly
different (p > 0.05).
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Figure 2. Measured (a) daily average soil temperature (◦C) and daily total precipitation (mm) in the
Kuusiku weather station; (b) daily N2O fluxes (mg N m−2 h−1); and (c) total emissions (kg N ha−1) for
the full study period (mean and standard error). Stars indicate significant differences for the daily flux
between the control and treatment plot for a non-paired Wilcoxon-test (ns: non-significant; *: p < 0.05).
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3.2. Environmental Data

A strong precipitation event was monitored beginning on the same day of the application of slurry
and lasting for approximately two weeks, having the biggest intensity on the second week (Figure 2).
A total of 105.8 mm of precipitation was recorded during the first two weeks after the slurry application,
while only 28.7 mm was recorded during the two weeks prior to the application. Moreover, July was a
slightly drier month than the average (75 versus 87 mm for the 1961–1990 period) (Estonian Weather
Service, https://www.ilmateenistus.ee/ilmateenistus/vaatlusvork/kuusiku-meteoroloogiajaam/).

Correlation analysis between N2O fluxes and environmental parameters (Table S2) shows that
N2O flux was correlated with both air and soil temperature, but this correlation was stronger in the
treatment plot (% = 0.439 with p = 0.000 for treatment; and % = 0.256 with p = 0.021 for control plot; for the
average 24-h temperature). A significant correlation between the N2O flux and precipitation recorded at
the Kuusiku Weather Station at the moment of the measurement was found only for the treatment plot;
however, the correlation was significant (p < 0.01) for both plots for the accumulated precipitation for
the 2-h, 24-h, and 72-h periods prior to the moment of measurement. The highest correlation between
the N2O flux and precipitation was found for the three-day cumulative precipitation, being stronger in
the control than in the treatment plot (% = 0.674 for control and % = 0.448 for treatment plot, p < 0.001).
A strong correlation was found between the average ground temperature for a 24 and 72-h period
prior to the measurement for the treatment plot (% = 0.439 and % = 0.509, p < 0.001). This correlation
was much weaker for the control plot (% = 0.256, p = 0.021; % = 0.235, p = 0.035).

3.3. Soil Parameters

The control and the treatment plots showed different WFPS (p = 0.021) (Figure 3) for the studied
period. A correlation analysis between WFPS and N2O flux was tested for the day-of-experiment WFPS,
three-day, five-day, and seven-day averaged WFPS prior to the experiment, after linear interpolation of
the missing values (Table S2). The correlation between the N2O flux and WFPS was only significant
for the control plot for the 3-day averaged measured WFPS (WFPS3d), while it was significant for all
considered WFPS periods for the treatment plot. The Spearman’s rank correlation coefficient between
N2O flux and WFPS3d was % = 0.267 (p = 0.016) and % = 0.248 (p = 0.037) for the control and treatment
plot, respectively.
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Figure 3. The water-filled pore space (WFPS) evolution (a) and distribution of values (b) for the studied
period for treatment (orange) and control (blue) plots. Nitrification and denitrification optimal WFPS
limits are from Focht [34], Davidson [35], Bouwman [36], Ruser et al. [37], Hansen et al. [29] and
Ussiri and Lal [4].
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The correlation analysis between N2O fluxes and the environmental parameters (Table S2) showed
that N2O flux was strongly correlated with temperature for the treatment plot (p = 0.005 for 5 cm depth,
and p < 0.001 for depths 10, 20, and 30 cm), but this correlation was not significant for the control plot.

3.4. Soil Chemical Properties

From all analyzed soil parameters (Table 1), only dissolved nitrogen (DN) was statistically
different (p = 0.047) between the control and the treatment plot prior to the beginning of the experiment.
Initial pH had almost the same value on both plots (4.76 and 4.75) and was not significantly different.
After the slurry application, pH increased, but this increase was stronger in the treatment plot, where it
remained higher for almost all the studied period, although the difference between the treatment and
the control soil pH was not significant.

Nitrate content and ammonium were not significantly different between the plots prior to the slurry
application (Table 1), although ammonium content was higher in the treatment plot. No significant
differences were found in NO3

−-N nor NH4
+-N content between control and treatment plots during

the period (Figure 4). No statistically significant correlation for N2O flux with soil nitrates was found
for either plot. The correlation with soil ammonium was only statistically significant for the control
plot (% = 0.464, p = 0.004).
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Figure 4. Measured soil NO3
−-N (a) and NH4

+-N (b) mean concentration for the treatment and control
plots. Error bars represent the standard error.

Soil total carbon was highly correlated with N2O (% = 0.546, p < 0.001) for the treatment plot,
while such correlation was not significant for the control plot. Negative significant correlation existed
with DOC (% = −0.397, p = 0.015) for the control plot.

3.5. Leaching

The intense precipitation caused the leachate collection points at both the control and treatment
plots to be overflooded by the ditch and the river, respectively, during part of the experiment,
limiting the leachate sampling (Figures S1 and S2). Although it was possible to measure the first and
last 10 days of the period, no sound conclusions can be drawn about the total losses of nitrogen through
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leachate for the whole period. Nevertheless, no significant differences were found for NH4
+ or NO3

−

leaching between plots for the dates when data was available (Figures S3 and S4). The correlation
analysis (Table S2) between N2O fluxes and leachate properties showed a significant negative correlation
in the control plot with the NO3

− concentration (% = −0.394; p = 0.004) but a positive correlation with
NH4

+ (% = 0.388; p = 0.005), while for the treatment plot a negative correlation was found with NH4
+

(% = −0.586; p = 0.022) and a positive one with the NO3
− concentration (% = 0.832; p < 0.001).

4. Discussion

Contrary to the experiment hypothesis, N2O emissions were higher in the plot where the
nitrification inhibitor was applied, with significant differences during the initial period. This poses
two questions: why the application of the nitrification inhibitor did not reduce N2O fluxes; and why
the emissions were higher in the plot where the nitrification inhibitor had been applied. These two
questions can be answered according to the information provided by field and climatic data. The most
determining factor was the high precipitation event that started on the same day as the slurry and DMPP
application, resulting in changes in soil moisture. The effectiveness of NIs in reducing N2O emissions is
known to be conditioned by soil moisture and rainfall, soil pH, and temperature [20,51]. Soil moisture,
which is directly dependent on precipitation, controls the availability of oxygen, which is one of the
key factors regulating denitrification [6]. Higher soil moisture promotes anaerobic conditions in soil
and, therefore, a more important role of denitrification, which is not affected by the inhibitory effect
of DMPP [12,77]. Nitrification and denitrification, and subsequently N2O production, are controlled
by several factors, particularly soil moisture, affected by rainfall and drainage among other aspects.
The importance of rainfall and soil water content in N2O emissions has been noted extensively in the
literature [78–82], and specifically for denitrification [83–85]. A positive relationship between increasing
soil water content and increasing N2O emission from both lab and field studies has been explained by an
increase in the denitrification activity [37]. Stevens and Luahglin [86] and Lohila et al. [33] established
that the restricted availability of oxygen, as well as the presence of NO3

− and the availability of labile
carbon, are the most important prerequisites for denitrification. Moreover, Loro et al. [87] found that
both denitrification activity and N2O emissions from denitrification were correlated with soil water
content, but not with NO3

− content, when the latter is not limiting. This is in accordance with the
findings of Dobbie and Smith [26] that water-filled pore space (WFPS) is the main factor conditioning
N2O emissions when soil NO3

− concentration and temperature are not limiting. In fact, Dobbie et al. [79]
found that the biggest N2O fluxes appeared at WFPS between 70–90%, and Ruser et al. [37] reported
a strong increase in N2O emissions for WFPS above 60–70%, suggesting that it was denitrification
and not nitrification that was the main process involved in the emissions. At higher values of WFPS,
above 90%, the process may switch from the production of N2O to N2 [34,35], but, at lower values of
pH like those of the study field soil, the ratio N2:N2O decreases [88,89] due to the sensitivity of nitrous
oxide reductase to the pH [90]. According to the WFPS values (Figure 3), both plots were predominantly
under denitrification conditions. The significant positive correlation between N2O fluxes and WFPS
values found for both plots confirms that the higher fluxes were related to denitrification in both cases.
With denitrification being the main source of emissions, the inhibition of nitrification was not effective
in reducing N2O emissions. Dobbie et al. [79] also reported a strong positive correlation between the
cumulative N2O emissions and the rainfall during the 4-week period beginning one week before the N
application. Several studies have reported that rainfall events usually produce immediate peaks in
N2O emissions [26,78,91], and that denitrification is the main process responsible for N2O emissions
following rainfall events [92,93]. Correlation between N2O emissions and denitrification activity has
been found in manured soils [94], and Clemens & Huschka [95] found that denitrification dominates
N2O emissions processes after slurry application and suggested that the NO3

− present in the soil can
be used to oxidize the organic substances present in the slurry. The readily available C in slurries and
manures is used for denitrifiers in anaerobic conditions as an energy source [30].



Agriculture 2020, 10, 497 11 of 18

N2O emissions from denitrification could also have been enhanced by the drier soil conditions
prior to the moment of the slurry application; total precipitation two weeks before application of the
slurry and two weeks after was 28.7 and 105.8 mm, respectively. Rewetting after drought has been
observed to boost mineralization and denitrification [96]. It has been documented that denitrifying
bacteria recover faster when soils are rewetted after dry periods [97]. Smith et al. [98] found an increase
in N2O emissions and denitrification rate after the apparition of anaerobic conditions. Firestone and
Davidson [6] established that bold increases in N2O emissions, like those observed after rewetting,
are more typical for denitrification than for nitrification, which suggests that denitrification was the
main thing responsible for the observed emissions. It has been suggested that rewetting after dry
periods increases the concentration of DOC [37]. As the importance of carbon in denitrification has
been well established in the literature [95,99–101], denitrification in manure slurries is promoted by the
readily assimilable C [102]. Moreover, carbon availability can promote anaerobic conditions, even at
low WFPS, increasing denitrification potential and N2O emissions and explaining higher emissions
found in organic fertilization than in inorganic fertilization [91]. Crop residues present in the field
after harvesting the grassland cover (Lolium perenne, Festulolium, Trifolium pratense, Festuca pratensis)
from the previous season would have increased C availability and denitrification rates once they
were mixed with the soil at the moment of the slurry application; high denitrification rates have been
found after plant damage or cutting, and this has been attributed to the increase in C availability in
the soil from the decomposition of roots [30,103], which would also be enhanced by the increase in
soil moisture due to precipitation. Once it has been established that denitrification was the source of
the emission peaks during the studied period, the question of why emissions were higher from the
treatment plot than from the control plot during the initial period still needs to be answered. This can
be explained by a higher WFPS in the treatment plot for most of the period and therefore higher
denitrification rate (Figure 3), resulting in higher N2O emissions, as the activity of N2O reductase
should have been inhibited by the low soil pH. The different evolution of WFPS in the treatment
plot was a consequence of differences in soil moisture as soil porosity was similar in both plots.
Although the plots were established according to the similar soil properties and micro-topographical
characteristics, moisture evolution was slightly different in both plots after the intense precipitation.
Although the correlation between N2O and precipitation was stronger in the control plot than in the
treatment plot for cumulative precipitation (2-h, 1-day, 3-day), this correlation was not significant
for precipitation at the moment of the measurement, while it was significant for the treatment plot.
Possible explanations could be the distance from the weather station (approximately 11 km), or that the
2-h cumulative precipitation before measurement is a better predictor of soil conditions than a single,
momentary precipitation measurement. However, we hypothesize that the correlation between N2O
flux and precipitation at the moment of measurement was not significant for the control plot because
the influence of precipitation on the N2O flux in the control plot could be delayed in comparison to the
treatment plot, which would explain why the peak of N2O emissions for the control plot took place
on the 13th day of measurements. The WFPS, initially lower for the treatment plot, became higher
in treatment on the first day of measurement, but it was higher again for the control plot on the 6th
day (Figure 3), showing that the effect of precipitation was more rapid in the treatment plot, and the
correlation between N2O flux and WFPS was significant for the control plot only for 3-day averaged
values (WFPS3d), while it was significant in all cases for the treatment plot. Important in-field spatial
variability is known to exist both for soil water content and N2O fluxes [7,33], and it is one of the main
causes of uncertainty in N2O measurements from agro-ecosystems [32]. Factors such as soil NO3

− and
NH4

+ concentration, labile C content, as well as bulk density, can show a variable spatial distribution,
resulting in the spatial variability of nitrification and denitrification rates [104]. Cowan et al. [32]
reported differences in N2O flux of 2 orders of magnitude in distances smaller than 10 m in a grassland,
and that only 1.1% of the area of the field contributed to over 55% of the total N2O flux, highlighting the
importance of hotspots in N2O fluxes. In our study, initial NO3

−, NH4
+, C content, and bulk density
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were not significantly different between both plots, but differences in soil moisture evolution could
explain the difference in temporal behavior regarding N2O fluxes.

The application of slurries results in pronounced increases of NH4
+ content in the soil. Afterward,

the NH4
+ concentration is expected to decrease and NO3

− to increase, as NH4
+ is oxidized into NO3

−.
The rate at which NH4

+ is oxidized into NO3
− is an indicator of nitrification activity. The application

of a nitrification inhibitor should slow down this process in the treatment plot, retaining N in the form
of NH4

+ for a longer period than in the control plot. However, soil analyses during the experiment
show, after the expected initial increase in NH4

+ concentration, that both plots behaved identically
regarding the oxidation of NH4

+ into NO3
− (Figure 4). This means that nitrification was taking place

in both plots. This can be attributed to a lack of effectiveness of DMPP in the first days after application.
Results from Kong et al. [46] show a time lag in the effect of DMPP on N2O emissions, as well as NH4

+

and NO3
− evolution in the soil; in a field experiment (cultivation after spraying the plant cover with

DMPP) the effect appeared only approximately two weeks after it was applied. This is observed for the
N2O emissions, but also for NH4

+ and NO3
−, which show a similar evolution for the first two weeks

with and without DMPP. Although a delay in the effectiveness of DMPP is not universal, it could
be sometimes masked by an insufficient sampling frequency during the first days after application.
Nevertheless, a several days delay in the effect of DMPP can also be observed in the results from
Beltran-Rendon et al. [105], De Antoni Migliorati et al. [106] and Kou et al. [107] under a range of
different conditions. The slightly higher initial content of NH4

+ in the treatment plot may have also
contributed to a higher initial nitrification activity in our experiment.

The significant correlation (Table S2) between N2O flux and soil NH4
+ content only for the control

plot but not for the treatment plot suggests that nitrification was a significant N2O source during the full
duration of the experiment in control, but not in the treatment plot. This correlation is also significant
for leachate from the control plot, where higher N2O fluxes are correlated with a higher concentration of
NH4

+, and with a lower concentration of NO3
−, suggesting a predominance of nitrification, while the

opposite trend is observed in the treatment plot (a higher concentration of NO3
− and a lower of NH4

+

resulted in higher N2O fluxes), suggesting again the predominance of denitrification.
The low pH of the soils, combined with low oxygen availability and high availability of NH4

+

after the slurry application, could indicate that nitrifier denitrification was partially responsible for
the high N2O emissions, as it has been proposed to be a major pathway for N2O emissions when
there is high availability of NH4

+ and low oxygen [9,108]. However, the increase of NO3
− content

in the soils (Figure 4), from the oxidation of the NH4
+ incorporated with the slurry, show that

nitrifier-denitrification was not the main source of the measured high fluxes.

5. Conclusions

This study showed that the use of nitrification inhibitors does not result necessarily in a reduction
in N2O emissions as environmental factors can conceal its effectiveness. High N2O emissions were
measured in both the control and treatment plot after slurry application, with high spatial variability
inside the plots. An intense precipitation event, beginning the same day of the application of the
manure, resulted in an increase of soil moisture and changes in WFPS values. The high WFPS values
in combination with the significant correlation between N2O flux and WFPS indicate that the peaks of
emissions were the product of denitrification, explaining the absence of a nitrification inhibition effect
in the treatment plot. This highlights the importance of climatic factors, and especially precipitation,
in the performance of nitrification inhibitors. The relationship between precipitation, soil moisture,
and subsequently, nitrification/denitrification activity is well-known, but how this can affect the
inhibitory effect is sometimes neglected, as it is in-field spatial variability. Our results emphasize the
necessity for further studies of the factors conditioning the action of nitrification inhibitors, with a
special focus on in-field application, to achieve maximum effectiveness. Also, microbiological analyses
of the populations of nitrifiers and denitrifiers should help to assess the role of each community
regarding the effectiveness of nitrification inhibitors. Finally, long-term studies with a repeated
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application of DMPP should allow us to detect long-term changes in microbial populations and the
effect on N2O emissions.
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−-N) concentration in leachate(mg L−1), Figure S3: Ammonium (NH4
+-N) concentrations in leachate

(mg L−1), Figure S4: Nitrate (NO3
−-N) concentrations in leachate (mg L−1), Table S1: Number of studies on
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(2017), Table S2: Correlations between N2O flux and (a) climatic parameters, (b) soil analysis, (c) field data and
(d) leachate analysis.
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