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ARTICLE INFO ABSTRACT

ArtiC{e history: Nitrogen (N) fertilizers increase agricultural yields, but also lead to the release of the
Received 24 October 2019 greenhouse gases nitrous oxide (N;0) and ammonia (NH3). This not only reduces the ef-
Received in revised form 18 January 2020 ficiency of N use, but also results in climate change and loss of biodiversity. The use of

Accepted 18 January 2020 nitrification inhibitors may improve the efficiency of N use and reduce the emission of

greenhouse gases. We tested three inhibitors (NZONE MAX, Piadin and N-(n-butyl) thio-
phosphoric triamide (NBPT)) added to two common N fertilizers (urea and urea ammo-
nium nitrate (UAN)) and determined emissions of CO;, N>O and NH3 to evaluate the
effectiveness of these three inhibitors and to improve our understanding of the soil ni-
trogen cycle. (NBPT effectively reduced NH3 volatilization by 50% (from 3.0 g NH3-N m~2 in
urea alone to 1.4 g NH3-N m~?2 in urea + NBPT). Piadin decreased N,O emissions (from
0.98 g N,O-N m 2 in urea alone to 0.15 g NO-N m 2 in urea + Piadin and from 0.81 g N,O-
N m~2 in UAN alone to 0.39 g N;O-N m~2 in UAN + Piadin) by inhibiting the conversion of
NHj to NO3. However, although Piadin was found to be an effective nitrification inhibitor,
the risk of higher NH3 emissions (from 3.0 g NH3-N m~2 in urea alone to 4.5 g NH3-N m—2
in urea + Piadin) with the addition of Piadin cannot be neglected in environmental and
economical evaluations.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Large-scale inputs of nitrogen (N) fertilizers in agriculture have increased crop yields worldwide, allowing global agri-
cultural production to keep pace with the rapidly growing population (Burney et al., 2010). The global use of N fertilizers is
unlikely to decrease while the world’s population continues to increase (Bakken and Frostegard, 2017; van Beek et al., 2010).
The most widely used synthetic N fertilizers are urea and urea-containing N fertilizers. Urea accounts for about 56% of the
global production of N fertilizers (Bremner, 2007; International Fertilizer Industry Association, 2013; Suter et al., 2016). Urea is
a solid fertilizer with a high N content (46%). It can be stored and applied to crops easily and it can be added to the soil in
combination with other N fertilizers. A common urea-containing fertilizer is urea ammonium nitrate (UAN), which is a liquid
N fertilizer consisting of 50% urea and 50% ammonium nitrate and ranging from 28% to 32% N by weight.
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The efficiency of N use is often low (Sun et al., 2015), and typically <50% of the applied N fertilizer can be used by a corn crop
owning to environmental and management constraints (Drury et al., 2017). About 25% of the urea applied to the soil surface is
converted to ammonia (NH3) and volatilized to the atmosphere (FAOSTAT, 2015); also, the rate of NH3 volatilization may be even
higher at warm temperatures and under moist soil conditions (Camberato, 2017; Tasca et al., 2011). Such large losses of N not
only constitute an economic loss for farmers, but are also an important source of greenhouse gases. NH3 is known to cause
acidification and eutrophication of both soils and surface waters, and may also have an indirect impact on Earth’s climate
owning to its short lifetime in the atmosphere and its relationships with other climate-relevant gases, such as N,O (Pietzner
et al., 2017). It is estimated that about 1%—2% of volatilized NHj is later on converted into N,O (Wulf et al., 2002). The effect
of the emission of N0 on the atmosphere might be one of the most serious environmental consequences of N fertilizer losses
(Bakken and Frostegard, 2017), as it contributes to both global warming and the depletion of the ozone layer (Erisman et al.,
2007; Ravishankara et al., 2009). About 70% of N,O and 90% of NH3 emissions are caused by agricultural activities (Boyer
et al,, 2002; Zaman and Blennerhassett, 2010). Therefore, improvement in the efficiency of N use is not only a question for
policymakers aiming to meet the demands of the United Nations Framework Convention on Climate Change (the Kyoto Pro-
tocol) to estimate anthropogenic greenhouse gas emissions (UNFCCC, 1997), but may also increase profits for farmers.

To increase the efficiency of N use, in addition to good agricultural practices (e.g. the correct application techniques, good
timing and soil testing to determine the amounts of fertilizer required, which may be constrained by physical conditions), the
use of N stabilizers and nitrification inhibitors may potentially delay detrimental processes such as the volatilization of NHs,
the leaching of nitrate (NO3) and the reduction of N,O emissions. A number of chemical products have been developed to
delay the transformation of N, and these can be added to urea and UAN. These slow-release products are classified as (1)
urease inhibitors or (2) nitrification inhibitors (Franzen, 2017):

(1) Urease inhibitors. When urea is applied to the soil, it rapidly hydrolyzes to ammonium carbonate. Ammonium car-
bonate is unstable and breaks down to NH3 and CO,. The NHj is either absorbed by the soil or volatilizes. The hydrolysis
reaction is determined by the urease enzyme, and urease inhibitors block this enzyme to prevent the conversion of urea
to NHj3 for a period of 1-2 weeks, allowing time for the incorporation of urea into the soil by rainfall or other means.
Many reports have shown that N-(n-butyl) thiophosphoric triamide (NBPT) can effectively prevent the loss of NH3
(Drury et al.,, 2017; Liu et al., 2017; Mira et al., 2017; Silva et al., 2017; Tian et al., 2015).

(2) Nitrification inhibitors. The enzymatic activity of NH3 oxidizing bacteria is strongly affected by nitrification inhibitors
(Ruser and Schulz, 2015). With the addition of nitrification inhibitors to urea, the conversion of ammonium ions (NH})
to NO3 is delayed, possibly also limiting N,O emissions from soil denitrification. Dicyandiamide (DCD) (Di et al., 2014;
Guo et al.,, 2014; Liu et al., 2017; Zaman et al., 2013) and 3,4-dimethylpyrazol-phosphate (DMPP) (Liu et al., 2015; Rose
et al.,, 2018; Shi et al.,, 2017) are the most researched compounds and are effective in reducing N,O emissions. In
Germany, however, Vizura (containing DMPP) and Piadin (1H-1, 2, 4-triazole and 3-methylpyrazole) are more often
used as nitrification inhibitors, and Piadin has also been shown to be effective in reducing N,O emissions (Pietzner
et al,, 2017; Wolf et al,, 2014; Wu et al., 2017).

To find new, effective chemical ingredients, novel fertilizer additives should also tested—for example, NZONE MAX (also
called a penetrant/nitrogen management aid), which has only been mentioned in a few informal reports. NZONE MAX
contains 27.5% alkylarylpolyoxyethylene glycol, 7.25% calcium aminoethylpiperazine and 6.5% calcium heteropolysaccharides.
NZONE MAX is an ammonium stabilizer intended to open the exchange sites on the soil colloid and improve the attachment
of NH7 to soil colloids. Therefore the loss of N by volatilization, leaching and denitrification can be reduced.

Although there has been a wealth of studies on urease (e.g. NBPT) and nitrification (e.g. DMPP and DCD) inhibitors, new
compounds still require research. The effectiveness of inhibitors in reducing NH3 and N2O emissions in different types of soil
and in different climates is variable. As a result of the complex interactions between N0 and NH3 emissions, the mitigation of
one gas flux may enhance the emission of another; so, apart from losses by leaching and runoff, both N,O and NHj3 fluxes need
to be considered in environmental evaluations (Ferm et al., 2006; Webb et al., 2010). Therefore, more experimental data about
the emissions of NH3; and N,O when using new inhibitors are needed. To improve our knowledge of the environmental impact
of different inhibitors, we conducted a pot experiment using urea and UAN as N fertilizers, and using NBPT, Piadin and NZONE
MAX as N additives, and measured their effects on greenhouse gas emissions. We used analyses of CO;, N,O and NH3
emissions to evaluate the effectiveness of these three chemical additives in improving the efficiency of N use and their
environmental impact. Our hypotheses were: (1) the urease inhibitor NBPT can effectively reduce NH3 emissions; (2) the
nitrification inhibitor Piadin can effectively reduce N,O emissions; and (3) NZONE MAX will decrease NH3 volatilization and
N,O emissions when used as an additive.

2. Materials and methods
2.1. Soil properties and sample preparation

A loamy loess soil was collected from Reinshof agricultural research station, University of Goettingen, Lower Saxony,
Germany (51°29’50.3”N 9°55’59.9”E, 155m asl). The annual mean temperature and mean annual precipitation were 8.5 °C
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Table 1

Soil properties (0—25 cm depth) of the soil used in the pot experiments, cited from Roemer et al. (2015).
Clay (%) Silt (%) Sand (%) Organic matter (%) Bulk density (g cm™3) pH (CaCl,)
16 61 23 2.0 1.30 7-7.2

and 650 mm, respectively. The soil was classified as Luvisol (IUSS, 2015) and the texture of the topsoil (0—25 cm) is described
inTable 1 (Romer et al., 2015). It had previously been used for a three-year field rotation consisting of winter barley (Hordeum
vulgare) (2013—2014), winter oilseed rape (Brassica napus) (2014—2015) and winter wheat (Triticum aestivum) (2015—2016).
The soil was collected on 4th April 2016 and stored in a container for three months before incubation. Before use, the soil was
passed through a 2-mm sieve. The soil taken from the field had a moisture content of 30% water-filled pore space (WFPS),
which was adjusted to a WEPS of 55% (equivalent to a 60% water holding capacity) at the start of the experiment. White
rectangular polypropylene buckets with dimensions of 0.39 m (length) x 0.29 m (width) x 0.27 m (height) and an air-tight lid
were used as the incubation system. The soil column therein was 16.5 cm high and consisted of three layers of soil adjusted to
a soil bulk density of 1.30 g cm~>. There was a 10-cm headspace above the soil surface when the air-tight lid was closed. The
soil was pre-incubated in the buckets at 25 °C for 5 days before the addition of fertilizers. All experiments were conducted
under the same controlled environmental conditions.

2.2. Experimental treatments

The experiment consisted of eight treatments (including CK, U, U + NZ, U + P, U + NBPT, UAN, UAN + NZ, UAN + P,
described in Table 2) and four replicates. The total amount of N applied to each pot, except the control treatment, was 12 g N
m~2 (corresponding to 120 kg N ha~'). The calculated amount of fertilizer added to each pot was only 2.066 g of urea or
2.64 ml of UAN and therefore the required amount of inhibitors was very small. The inhibitors were bought in liquid form and
diluted according to the manufacturer’s recommendations. The fertilizers and diluted inhibitors for each pot were dissolved
in 7.5 ml of water and the required volume of liquid was applied evenly to the soil surface using a pipette.

2.3. Gas flux measurements

2.3.1. Measurement of CO, and N,O emissions

Trace gas concentrations of gas samples were analyzed after manual gas sampling from each closed chamber. Lids on the
top of the buckets were sealed and samples were taken via silicon stoppers therein. Samples were taken using 60-ml syringes
and then 30 mL of gas was transferred into evacuated 12-ml Exetainer vials (Labco, Lampeter, UK). Samples were taken at O,
20 and 40 min after the chambers had been sealed and measurements were taken each day during the first week, then every
two or three days for a period of one month. Gas samples were analyzed on a BRUKER SCION™ 456 gas chromatograph
(BRUKER, Bremen, Germany) equipped with electron capture detection for analysis of N,0O, a flame ionization detector for CHy
and a thermal conductivity detector for CO, analysis. Flux rates were calculated with linear or non-linear regression of the gas
concentration with time (Parkin et al., 2012; Wang et al., 2013). Cumulative emissions were calculated by linear interpolation.

2.3.2. Measurement of NH3 emissions

NH3 emissions were determined by the Drager tube method (Pacholski et al., 2006) using an X-act 5000 automatic tube
pump (Drager, Kiel, Germany). Four gas collection cylinders were inserted into the soil surface within each bucket and
emitted gases were extracted through the tube pump and flushed through NH3 color indicator-equipped NH3 absorber tubes
(Driger Safety, Liibeck, Germany). The measured concentrations were converted from ppm into absolute values (kg N ha~1)
and the NHj3 fluxes were calculated as reported by Pacholski et al. (2006). Measurements were taken each day during the first
week, then every two or three days for a period of one month.

2.4. Additional parameters

On the first day of the experiment, the soil moisture was adjusted to a WFPS of 55% and fertilizer was added. This cor-
responds to typical spring time moisture conditions when soils tolerate management measures such as fertilizer spreading by

Table 2
Total mineral N (g N m~2) additions and added inhibitors in different treatments.
CK U U+ NZ U+P U + NBPT UAN UAN + NZ UAN + P
NO3-N 0 0 0 0 3 3 3 3
NHz-N 0 12 12 12 9 9 9 9
Added Inhibitors 0 0 NZONE MAX Piadin NBPT 0 NZONE MAX Piadin

CK: control without fertilization, U: urea, NZ: NZONE MAX, P: Piadin, NBPT: N-(n-butyl) thiophosphoric triamide, UAN: urea ammonium nitrate.
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agricultural machinery. The moisture decreased to a WEPS of 51% on day 5. Then, simulating a rainfall event, it was adjusted to
a WEPS of 80% to stimulate high N,O emission rates under oxygen depleted soil conditions. By the end of the experiment
WEPS had decreased to 60%.

Soil samples were taken before application of fertilizers and at the end of the experiment (30 days later) to determine the
soil moisture content and the concentration of mineral N (NO3, NHZ). 50 g soil samples were dispersed in 250 ml of
0.0125 mol L~ CaCl, solution, shaken for 1 h and filtered for later analysis with a San++ continuous flow analyzer (Skalar
Analytical, Breda, The Netherlands).

2.5. Calculations and statistical analysis

Emission rates are expressed as arithmetic means + the standard error of the mean of four replicates. Least significance
difference tests were used to check significant pairwise differences among the treatments. Statistical analyses were per-
formed using Statistica 11 (Dell, Round Rock, TX, USA), with p < 0.05 as the criterion for a statistical significance.

3. Results
3.1. CO, emissions

The time course of the CO, emissions showed that all added fertilizers induced a significant increase in respiration before
the simulated rainfall/irrigation (Fig. 1A and B). Before irrigation (<55% WEFPS), all fertilized treatments had almost the same
CO, emission rates, and only on day 2 and 3 did they differed from the control treatment. After irrigation to a WFPS of 80%, the
CO, emissions were much lower, suggesting that the simulated irrigation affected the microbial activity (Fig. 1A and B). The
soil respiration rate began to increase again after a few days, and the differences between treatments were more distinct. In
the urea series, a reduction in CO, emissions only occurred after addition of the nitrification inhibitor Piadin. The addition of
NZONE MAX and NBPT did not decrease the emission of CO5. In the UAN series, neither the addition of Piadin nor NZONE MAX
reduced CO, emissions. In fact, even slightly higher emission rates were observed (Fig. 1A and B).

The treatment with urea plus Piadin (U + P) resulted in significantly lower cumulative CO, emissions (Fig. 2). They were
38% lower than the treatment without Piadin. The other inhibitors did not lead to significant reductions in cumulative CO,
emissions compared with the N fertilizer treatments without an inhibitor.

3.2. N,O emissions

N,O emissions were low in all treatments from the onset of fertilizer treatment to day 5. Upon irrigation the WFPS reached
80% at day 5, N,O fluxes increased strongly and the emissions from treatments U + P and UAN —+ P rose to significantly higher
levels than those of the other treatments (Fig. 3A and B). Fig. 3 (A and B) shows a remarkable reduction in N,O emissions in
treatments U + P and UAN + P after day 5. Cumulative emissions of N,O from soil treated with urea alone amounted to 0.98 g
N,O-N m~2, whereas N,0 emission from U + P was only 0.15 g N,O-N m~2: therefore, the use of Piadin reduced N>,0 emissions
by >80% (Fig. 4). In the UAN series, the emissions from the UAN + P (0.39 g N;O-N m~2) treatment was about 48% of that from
UAN alone (0.81 g N;O-N m~2). The cumulative N,O emissions from U -+ NBPT (0.67 g N,O-N m~2) was 31% lower than from
the treatment with urea alone (0.98 g N>O-N m~2) (Fig. 4), although it was not significant at p < 0.05. The addition of NZONE
MAX did not show any reduction in N;O emissions in either fertilizer series. The emission rate was higher with urea + NZONE
MAX (U + NZ) than with urea alone (Fig. 4).
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Days after fertilization

Fig. 1. Time course of CO, emissions of different fertilizer treatments. A, urea series; B, UAN series. Error bars correspond to +1 SE (n = 4). CK: control without
fertilization, U: urea, NZ: NZONE MAX, P: Piadin, NBPT: N-(n-butyl) thiophosphoric triamide, UAN: urea ammonium nitrate.
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Fig. 2. Cumulative CO, emissions of different fertilizer treatments. Error bars correspond to +1 SE (n = 4). Treatments labeled with the same letters did not show
statistically differences at the 0.05 probability level. CK: control without fertilization, U: urea, NZ: NZONE MAX, P: Piadin, NBPT: N-(n-butyl) thiophosphoric
triamide, UAN: urea ammonium nitrate.
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Fig. 3. Time course of N,O emissions of different fertilizer treatments. A, urea series; B, UAN series. Error bars correspond to +1 SE (n = 4). CK: control without
fertilization, U: urea, NZ: NZONE MAX, P: Piadin, NBPT: N-(n-butyl) thiophosphoric triamide, UAN: urea ammonium nitrate.
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Fig. 4. Cumulative N,O emissions of different fertilizer treatments. Error bars correspond to +1 SE (n = 4). Treatments labeled with the same letters did not show
statistically significant differences at the 0.05 probability level. CK: control without fertilization, U: urea, NZ: NZONE MAX, P: Piadin, NBPT: N-(n-butyl) thio-
phosphoric triamide, UAN: urea ammonium nitrate.
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3.3. NH3 emissions

Fig. 5 shows that all treatments resulted in a sharp increase in NH3 emissions after addition of fertilizers. In the urea series,
the emissions after the urea alone, U + NZ and U + P treatments showed similar time courses and reached a peak on the third
day (Fig. 5A and B). By contrast, the emissions in treatment U + NBPT were much lower, with the peak value on day four. The
increase persisted for three days longer than in the other treatments. The peak emission after the U + NBPT treatment was
only 0.27 g NH3-N m~2 d~! on day 4, compared with 0.84, 0.84 and 0.96 g NH3-N m~2 d ! at day 3 for the urea alone, U + NZ
and U + P treatments (Fig. 5A and B). The time courses of the emissions were similar for the three treatments in the UAN
series, with peak values at day 3. The peak emissions in the UAN, UAN + NZ and UAN + P treatments were 0.58, 0.61 and
0.69 g NH3-N m~2 d !, respectively. In contrast to CO, and N,O fluxes there was no response to the simulated irrigation on day
5 in any treatment.

Cumulative emissions of NH3 from the soil surfaces of the experimental pots in the urea treatment amounted to 3.4 g NH3-
N m~2 in 30 days (Fig. 6), minus the emission of 0.4 g NH3-N m~2 from the control treatment, which was considered as the
background emission from the original soil N pool. The emission related to the application of urea alone was therefore about
3 g NH3-N m~2. In relation to 12 g NH3-N m 2 fertilization, the rate of ammonium volatilization was thus 25% of the applied
urea-N. With addition of the urease inhibitor (U + NBPT), the emission was reduced to 1.7 g NH3-N m~2 (the cumulative
emission minus the background emission). Therefore, after the treatment with U + NBPT, the cumulative NH3; emissions were
reduced by ca. 50% relative to urea alone.

NH3 emissions from the Piadin + fertilizer treatment were higher than for urea and UAN alone (Fig. 6). In the urea series,
the cumulative emission from the U + P treatment was 4.95 g NH3-N m~2, i.e. 44% more than after treatment with urea alone
(3.42 g NH3-N m~2). In the UAN series, the cumulative emission of NH3 after treatment with UAN + P (2.83 g NH3-N m~2) was
12% higher than after treatment with UAN alone (2.53 g NH3-N m2).
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Days after fertilization

Fig. 5. Time course of NH3 emissions of different fertilizer treatments. A, urea series; B, UAN series. Error bars correspond to +1 SE (n = 4). CK: control without
fertilization, U: urea, NZ: NZONE MAX, P: Piadin, NBPT: N-(n-butyl) thiophosphoric triamide, UAN: urea ammonium nitrate.
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Fig. 6. Cumulative NH; emissions of different fertilizer treatments. Error bars correspond to +1 SE (n = 4). Treatments labeled with the same letters did not show
statistically significant differences at the 0.05 probability level. CK: control without fertilization, U: urea, NZ: NZONE MAX, P: Piadin, NBPT: N-(n-butyl) thio-
phosphoric triamide, UAN: urea ammonium nitrate.
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3.4. NO3-N and NHJ-N remaining in the soil after 30 days

The mineral N in the soil samples was determined before the addition of the fertilizers and the concentrations of NO3-N
and NHZ-N were 6.80 and 0.23 g N m~?, respectively (Fig. 7A and B). Thirty days after the addition of 12 g N m~2 to all
treatments, the remaining soil NO3-N ranged from 7.7 g N m~2 (U + P) to 14.6 g N m~2 (U + NZ) and 2.8 g N m 2 in the control
treatment (Fig. 7A). The soils treated with U + P showed a lower but not significant NO3-N content than those treated with
urea alone. The NHZ-N remaining after treatment with U + P (1.6 g NH3-N m~2) was significantly higher than that remaining
after the other treatments (<0.5 g NH3-N m~2) (Fig. 7B).

4. Discussion
4.1. CO, emissions

The additional emission of CO, from the soils treated with urea fertilizer was a result of two processes: the hydrolysis of
urea and induced heterotrophic microbial activity. During hydrolysis of urea, urea is cleaved into NH3 (2 x NH3) and carbon
dioxide (CO,) and this goes along with a net increase in the soil pH. In this experiment, the treatment with UAN alone (131 g
CO,-C m 2, Fig. 1) resulted in CO, emissions that were 25% lower than the treatment with urea alone (17.3 g CO,-C m*2)
(p < 0.05). As N in UAN consists of only 50% urea-N that can be hydrolyzed, this figure indicates that, in both treatments, the
hydrolysis of urea made a considerable contribution to the volume of CO; emitted.

The other source of CO; is respiration resulting from the activity of heterotrophic microorganisms, such as the NH3-
oxidizing bacteria population (Kowles, 2018). All treatments showed a surge in the emission of CO, after 24—72 h. The soil
moisture content was low (55% WFPS) during this time period and the temperature remained constant at 25 °C. Irrigation to a
WEPS of 80% on day 5 caused a dramatic decrease in the emission of CO,, after which the emission of CO, increased slowly,
with a simultaneous decrease in the WFPS. Therefore it seems that at 55% WFPS conditions were more favorable for microbial
respiration than 80% WEFPS conditions. The observed decrease in CO, emissions after treatment with urea and a nitrification
inhibitor has been reported previously (Florio et al., 2016; Maienza et al., 2014; Weiske et al., 2001). The decreased CO,
emissions after irrigation were mainly from i) disturbed microbial activity and ii) the slower diffusion rate of CO, out of the
soil with a higher water content.

4.2. N>O emissions

N,O emissions were relatively low in all treatments during the first four days of the experiment, before irrigation at day 5.
However, the emissions increased rapidly to a high level after irrigation, suggesting that the increase in the soil moisture
content (WFPS) from 50% to 55% between days 0 and 5—80% at day 6 was the key driver of N,O emissions (Cardenas et al.,
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Fig. 7. Nitrate and ammonium present in the soil samples before the application of fertilizer and after 30 days of application for the different treatments. Error
bars correspond to +1 SE (n = 4). Treatments labeled with the same letters did not show statistically significant differences at the 0.05 probability level. CK:
control without fertilization, U: urea, NZ: NZONE MAX, P: Piadin, NBPT: N-(n-butyl) thiophosphoric triamide, UAN: urea ammonium nitrate.
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2017; Yu et al., 2018; Zaman et al., 2013). It is widely accepted that soil moisture has an important impact on N,O emissions
and that a WFPS of 60% is the threshold between aerobic and anaerobic soil conditions (Menéndez et al., 2012). Soil moisture
below a WFPS of 60% is unfavorable for the emission of N,O. Low N,O emission rates have been observed previously in similar
studies reported by Menéndez et al. (2012) and Volpi et al. (2017).

Only a few earlier studies (Pietzner et al., 2017; Wolf et al., 2014; Wu et al., 2017) have evaluated 1H-1,2,4-triazole and 3-
methylpyrazole (Piadin) as a nitrification inhibitor. However, the results of these studies were similar to our findings, con-
firming that Piadin can significantly reduce N,O emissions. Research has also been carried out on other nitrification inhibitors
(e.g. DMPP, DCD and Nitrapyrin), demonstrating their effectiveness in reducing N,O emissions. As nitrification inhibitors aim
to suppress, reduce or delay the oxidation of NHZ to NO3 in soils, our observations of reduced N,O fluxes in the treatments
with nitrification inhibitors were probably related to variations in the availability of the substrate (NO3) for denitrification.
They may also have been influenced by different contributions from the two major N,O-forming processes of nitrification and
denitrification (Zaman and Nguyen, 2012). In a number of studies (Guo et al., 2014; Yu et al., 2018; Zaman et al., 2013; Zaman
and Nguyen, 2012) the time courses of soil NH and NO3 concentrations after application of fertilizers have shown that
treatment with nitrification inhibitors (DMPP or DCD) result in higher NHZ and lower NO3 concentrations.

Cumulative emissions of N,O were high in all treatments in this study, except for the U + P and UAN + P treatments. This
suggests that the chosen incubation environment did favor denitrification, probably as a result of the high soil moisture
content (80% WEFPS), high incubation temperature (25 °C) and high soil NO3 content. The N,O emissions in studies under
similar conditions were predominantly from denitrification (Grave et al., 2018; Menéndez et al., 2012; Senbayram et al., 2012;
Luo et al., 2008), most likely as a result of limited nitrification due to the low availability of oxygen (Tian et al., 2015). The
lowest N>O emissions in our study were observed in the treatments with the lowest NO3 concentrations in the soil (with
Piadin treatment), which is seen as further evidence of this assumption.

4.3. NH3 emissions

The release of large amounts of NHs after the application of urea is a serious agricultural problem (Engel et al., 2017; Li
et al., 2015; Pacholski et al., 2018; Schraml et al., 2016; Sun et al., 2015; Tian et al., 2015). In this study, the U + NBPT
treatment reduced NHj3 fluxes by about 50%, which is in agreement with previously published work (Connell et al., 2011;
Drury et al., 2017; Mira et al., 2017; Suter et al., 2013). The meta-analysis of Silva et al. (2017) showed that urea + NBPT reduced
52% losses of NHs. The trend of reduction was observed in soils over all classes of soil pH, organic carbon content and rate of N
addition. Moreover, the addition of NBPT to urea has also been suggested to be effective in increasing crop yields (Drury et al.,
2017; Silva et al., 2017).

As UAN is composed of urea and ammonium nitrate in a ratio of 1:1, the volatilization losses of NH3 from the group of UAN
treatments should theoretically be lower than those from the soils treated with the different urea fertilizers. This was
confirmed by our results. Although we did not include a UAN + NBPT solution in this study, a number of other studies (Goos,
2012; Grant, 2013; Rajkovich et al., 2017) have shown that the addition of NBPT to UAN can significantly reduce NHs losses
relative to the application of UAN alone.

By contrast, nitrification inhibitors tend to induce increased NH3 emissions because NH7 is available for extended periods
of time. The addition of Piadin to both groups of N fertilizers increased the cumulative NH3 emissions by 44% and 12%,
respectively, relative to urea or UAN alone. This increase in NH3 emissions agrees with earlier reports showing that nitrifi-
cation inhibitor treatments increased NH3 emissions from 3% to 65% (Fan et al., 2018; Ferm et al., 2006; Lam et al., 2018, 2017;
Pan et al,, 2016; Qiao et al., 2015; Webb et al., 2010). However, Piadin performed well in reducing N,O emissions owing to
lower NO3-N concentrations in the soil. Therefore, the benefit of nitrification inhibitors in reducing N,O emissions has to be
judged against the higher risk of NHj3 volatilization, or additional strategies need to be implemented to reduce NHs3
volatilization.

44. Soil NO3-N and NHf-N

The remaining mineral N was determined at the end of experiment. It was expected that large amounts of total mineral N
(NO3-N + NHZ-N) would remain in the soil due to the absence of plants utilizing N and the shallow depth of the experiment
in the soil layer (16 cm). In addition, N leaching was impeded as a result of the use of water-tight incubation vessels.
Consequently, all the treatments (urea alone, U + NZ, U + NBPT, UAN and UAN + NZ) showed residual mineral N of >10 g N
m~2. As the total amount of mineral N at the start of the experiment was 19 g N m~2 (12 g N m~2 fertilizer Nand 7 g N m—2
initial soil mineral N), more than half of the original amount of N remained in the treated soils. The range of N losses in our
experiment was similar to previously reported experiments carried out under similar conditions (Wu et al., 2017; Zaman and
Nguyen, 2012). Some of the applied N not recovered as inorganic N was probably taken up by soil microbes and would have
been part of the soil organic N pool.

Nitrification inhibitors such as Piadin inhibit the oxidation of NHZ to NO3. In our study, the residual soil NH-N in U + P
treatment was 1.6 g N m~2, whereas in all other treatments it was <0.5 g N m~2. The soil NO3 concentration was still low at
the end of the incubation period of 30 days, accounting for only 7.7 g NO3-N m~2, which was the lowest of all treatments. In
the pot experiments of Goos and Johnson (1999) and Sassman (2014), conducted at 25 °C for tests of application ratesof 15 g
NHz-N m™2, the half-life of soil NHJ after the application of urea alone and UAN alone was 2—3 weeks. This is consistent with
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our study, in which the conversion of NHJ to NO3 was almost complete 30 days after the addition of fertilizer. This process is
always clearly delayed in the presence of a nitrification inhibitor (Wu et al., 2017; Yu et al., 2018; Zaman et al., 2013).

4.5. Evaluation of the novel fertilizer additive NZONE MAX

We included the product NZONE MAX because this novel compound has been reported to be a powerful additive,
improving the efficiency of N fertilizers by improving the attachment of NHJ to soil colloids and preventing their volatili-
zation. However, we found that NZONE MAX was ineffective in reducing both NH3 and N»O emissions with our soil. Goos
(2012) and Harrel (2012) reported similar results. Our study clearly confirms that the addition of NZONE MAX to major
types of N fertilizer had no effect on the reduction of N losses by volatilization and denitrification and, based on final soil N
concentration in our incubation experiment, there was no indication of potential effects on NO3 leaching. The impact of that
mechanism would likely be dependent on soil texture. A soil with moderate to high clay content and/or organic matter would
probably already have sufficient CEC and readily retain ammonium. We refer that product may be more likely to have an
impact on emissions in a low CEC soil. Future studies should test if NZONE MAX increases the ammonium sorption capacity
(Venterea et al., 2015).

5. Conclusion

This laboratory study shows that NBPT is an effective urease inhibitor and reduces NHj3 volatilization and probably also
N,O emissions. The nitrification inhibitor Piadin was also found to be effective in reducing N,O emissions. However, the
potential of increasing NH3 volatilization with the use of Piadin or similar nitrification inhibitors should not be neglected. In
our study, the novel additive NZONE MAX was found to be unsuitable for reducing greenhouse gas emissions and improving
the efficiency of fertilizer use. However, future studies should test this novel additive on soils with a lower clay content or
organic matter that limits NH4 attachment on soil colloids. Future studies also need to focus on improving management
methods, or on new chemical or biochemical additives.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This project was supported by the China Scholarship Council and K + S AG, Kassel, Germany. We also thank Simone
Urstadt, Marlies Niebuhr, Ulrike Kierbaum, and Jiirgen Kobbe for diligent and skillful assistance.

References

Bakken, L.R., Frostegard, A., 2017. Sources and sinks for N20, can microbiologist help to mitigate N20 emissions? Environ. Microbiol. 19, 4801—4805. https://
doi.org/10.1111/1462-2920.13978.

Boyer, E\W., Goodale, C.L., Jaworsk, N.A.,, Howarth, R.W., 2002. Anthropogenic nitrogen sources and relationships to riverine nitrogen export in the
northeastern USA. Biogeochemistry 57, 137—169. https://doi.org/10.1023/A:1015709302073.

Bremner, J.M., 2007. Problems in the use of urea as a nitrogen fertilizer. Soil Use Manag. 6, 70—71.

Burney, J.A., Davis, S.J., Lobell, D.B., 2010. Greenhouse gas mitigation by agricultural intensification. Proc. Natl. Acad. Sci. 107, 12052—12057.

Camberato, J., 2017. Improving the Efficient Use of Urea- Containing Fertilizers. Agron. Dep. Purdue Univ., pp. 1-4

Cardenas, L.M,, Bol, R, Lewicka-Szczebak, D., Gregory, A.S., Matthews, G.P., Whalley, W.R., Misselbrook, T.H., Scholefield, D., Well, R., 2017. Effect of soil
saturation on denitrification in a grassland soil. Biogeosciences 14, 4691—4710. https://doi.org/10.5194/bg-14-4691-2017.

Connell, J.A., Hancock, D.W., Durham, R.G., Cabrera, M.L., Harris, G.H., 2011. Comparison of enhanced-efficiency nitrogen fertilizers for reducing ammonia
loss and improving Bermudagrass forage production. Crop Sci. 51, 2237—2248. https://doi.org/10.2135/cropsci2011.01.0052.

Di, HJ., Cameron, K.C., Podolyan, A., Robinson, A., 2014. Effect of soil moisture status and a nitrification inhibitor, dicyandiamide, on ammonia oxidizer and
denitrifier growth and nitrous oxide emissions in a grassland soil. Soil Biol. Biochem. 73, 59—68. https://doi.org/10.1016/j.s0ilbio.2014.02.011.

Drury, C.F, Yang, X., Reynolds, W.D., Calder, W., Oloya, T.O., Woodley, A.L., 2017. Combining urease and nitrification inhibitors with incorporation reduces
ammonia and nitrous oxide emissions and increases corn yields. J. Environ. Qual. 46, 939—949. https://doi.org/10.2134/jeq2017.03.0106.

Engel, R, Jones, C., Romero, C., Wallander, R., 2017. Late-fall, winter and spring broadcast applications of urea to No-till winter wheat I. Ammonia loss and
mitigation by NBPT. Soil Sci. Soc. Am. J. 81, 322—330. https://doi.org/10.2136/ss53j2016.10.0332.

Erisman, J.W., Bleeker, A., Galloway, J., Sutton, M.S., 2007. Reduced nitrogen in ecology and the environment. Environ. Pollut. Barking Essex 150, 140—149.
https://doi.org/10.1016/j.envpol.2007.06.033, 1987.

Fan, C,, Li, B., Xiong, Z., 2018. Nitrification inhibitors mitigated reactive gaseous nitrogen intensity in intensive vegetable soils from China. Sci. Total Environ.
612, 480—489. https://doi.org/10.1016/j.scitotenv.2017.08.159.

FAOSTAT, 2015. Food and agricultural organization of the United Nations. Statistics Division [WWW Document]. http://www.fao.org/faostat/en/#data/QC.
accessed 2.3.18.

Ferm, M., Kasimir-Klemedtsson, a., Weslien, P., Klemedtsson, L., 2006. Emission of NH3 and N20 after spreading of pig slurry by broadcasting or band
spreading. Soil Use Manag. 15, 27—33.

Florio, A., Maienza, A., Dell'’Abate, M.T., Stazi, S.R., Benedetti, A., 2016. Changes in the activity and abundance of the soil microbial community in response to
the nitrification inhibitor 3,4-dimethylpyrazole phosphate (DMPP). ]. Soils Sediments 16, 2687—2697. https://doi.org/10.1007/s11368-016-1471-9.

Franzen, D.W., 2017. Nitrogen Extenders and Additives for Field Crops. NCERA-103 Comm. N. D. State Univ. SF1581, pp. 1-11.

Goos, RJ., 2012. Some Random Reflections on Nitrification and Nitrification Inhibitors - Presentation. North Dakota State University, pp. 1—38.


https://doi.org/10.1111/1462-2920.13978
https://doi.org/10.1111/1462-2920.13978
https://doi.org/10.1023/A:1015709302073
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref3
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref3
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref4
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref4
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref5
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref5
https://doi.org/10.5194/bg-14-4691-2017
https://doi.org/10.2135/cropsci2011.01.0052
https://doi.org/10.1016/j.soilbio.2014.02.011
https://doi.org/10.2134/jeq2017.03.0106
https://doi.org/10.2136/sssaj2016.10.0332
https://doi.org/10.1016/j.envpol.2007.06.033
https://doi.org/10.1016/j.scitotenv.2017.08.159
http://www.fao.org/faostat/en/#data/QC
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref14
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref14
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref14
https://doi.org/10.1007/s11368-016-1471-9
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref16
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref16
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref17
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref17

10 H. Wang et al. / Global Ecology and Conservation 22 (2020) e00933

Grant, C.A., 2013. Use of NBPT and ammonium thiosulphate as urease inhibitors with varying surface placement of urea and urea ammonium nitrate in
production of hard red spring wheat under reduced tillage management. Can. J. Plant Sci. 94, 329—335. https://doi.org/10.1139/CJPS2013-289.

Grave, R.A,, Nicoloso, R. da S., Cassol, P.C., Busi da Silva, M.L., Mezzari, M.P,, Aita, C., Wuaden, C.R,, 2018. Determining the effects of tillage and nitrogen
sources on soil N20 emission. Soil Tillage Res. 175, 1-12. https://doi.org/10.1016/j.still.2017.08.011.

Guo, YJ., Di, H]J.,, Cameron, K.C,, Li, B., 2014. Effect of application rate of a nitrification inhibitor, dicyandiamide (DCD), on nitrification rate, and ammonia-
oxidizing bacteria and archaea growth in a grazed pasture soil: an incubation study. J. Soils Sediments 14, 897—903. https://doi.org/10.1007/s11368-013-
0843-7.

International Fertilizer Industry Association, 2013. Fertilizer Indicators, third ed. Paris.

[USS, 2015. World Reference Base for Soil Resources 2014, update 2015 International soil classification system for naming soils and creating legends for soil
maps. World Soil Resour. Rep.

Kowles, CJ., 2018. Diversity of Bacterial Respiratory Systems. CRC Press.

Lam, S.K,, Suter, H., Mosier, A.R,, Chen, D., 2017. Using nitrification inhibitors to mitigate agricultural N20 emission: a double-edged sword? Global Change
Biol. 23, 485—489. https://doi.org/10.1111/gcb.13338.

Lam, S.K,, Suter, H., Davies, R., Bai, M., Mosier, A.R,, Sun, J., Chen, D., 2018. Direct and indirect greenhouse gas emissions from two intensive vegetable farms
applied with a nitrification inhibitor. Soil Biol. Biochem. 116, 48—51. https://doi.org/10.1016/j.s0ilbio.2017.10.008.

Li, Q. Yang, A., Wang, Z., Roelcke, M., Chen, X., Zhang, F,, Pasda, G., Zerulla, W., Wissemeier, A.H., Liu, X., 2015. Effect of a new urease inhibitor on ammonia
volatilization and nitrogen utilization in wheat in north and northwest China. Field Crop. Res. 175, 96—105. https://doi.org/10.1016/j.fcr.2015.02.005.

Liy, R., Hayden, H., Suter, H., He, J., Chen, D., 2015. The effect of nitrification inhibitors in reducing nitrification and the ammonia oxidizer population in three
contrasting soils. J. Soils Sediments 15, 1113—1118. https://doi.org/10.1007/s11368-015-1086-6.

Liu, S., Wang, J.J., Tian, Z., Wang, X., Harrison, S., 2017. Ammonia and greenhouse gas emissions from a subtropical wheat field under different nitrogen
fertilization strategies. J. Environ. Sci. 57, 196—210. https://doi.org/10.1016/j.jes.2017.02.014.

Luo, J., Lindsey, S.B., Ledgard, S.F., 2008. Nitrous oxide emissions from animal urine application on a New Zealand pasture. Biol. Fertil. Soils 44, 463—470.
https://doi.org/10.1007/s00374-007-0228-4.

Maienza, A., Baith, E., Stazi, S.R., Benedetti, A., Grego, S., Dell’Abate, M.T., 2014. Microbial dynamics after adding bovine manure effluent together with a
nitrification inhibitor (3, 4 DMPP) in a microcosm experiment. Biol. Fertil. Soils 50, 869—877. https://doi.org/10.1007/s00374-014-0907-x.

Menéndez, S., Barrena, I, Setien, L., Gonzalez-Murua, C., Estavillo, ].M., 2012. Efficiency of nitrification inhibitor DMPP to reduce nitrous oxide emissions
under different temperature and moisture conditions. Soil Biol. Biochem. 53, 82—89. https://doi.org/10.1016/j.s0ilbio.2012.04.026.

Mira, A.B., Cantarella, H., Souza-Netto, G.J.M., Moreira, L.A., Kamogawa, M.Y., Otto, R., 2017. Optimizing urease inhibitor usage to reduce ammonia emission
following urea application over crop residues. Agric. Ecosyst. Environ. 248, 105—112. https://doi.org/10.1016/j.agee.2017.07.032.

Pacholski, A., Cai, G., Nieder, R., Richter, ]., Fan, X., Zhu, Z., Roelcke, M., 2006. Calibration of a simple method for determining ammonia volatilization in the
field — comparative measurements in Henan Province, China. Nutrient Cycl. Agroecosyst. 74, 259—273.

Pacholski, A., Doehler, J., Schmidhalter, U., Kreuter, T., 2018. Scenario modeling of ammonia emissions from surface applied urea under temperate condi-
tions: application effects and model comparison. Nutrient Cycl. Agroecosyst. 110, 177—193. https://doi.org/10.1007/s10705-017-9883-5.

Pan, B., Lam, S.K., Mosier, A., Luo, Y., Chen, D., 2016. Ammonia volatilization from synthetic fertilizers and its mitigation strategies: a global synthesis. Agric.
Ecosyst. Environ. 232, 283—289. https://doi.org/10.1016/j.agee.2016.08.019.

Parkin, T.B., Venterea, R.T., Hargreaves, S.K., 2012. Calculating the detection limits of chamber-based soil greenhouse gas flux measurements. J. Environ.
Qual. 41, 705—715. https://doi.org/10.2134/jeq2011.0394.

Pietzner, B., Riicknagel, J., Koblenz, B., Bednorz, D., Tauchnitz, N., Bischoff, J., Kébke, S., Meurer, K.H.E., MeifSner, R., Christen, O., 2017. Impact of slurry strip-
till and surface slurry incorporation on NH3 and N20 emissions on different plot trials in Central Germany. Soil Tillage Res. 169, 54—64.

Qiao, C, Liu, L, Hu, S., Compton, J.E., Greaver, T.L, Li, Q., 2015. How inhibiting nitrification affects nitrogen cycle and reduces environmental impacts of
anthropogenic nitrogen input. Global Change Biol. 21, 1249—1257. https://doi.org/10.1111/gcb.12802.

Rajkovich, S., Osmond, D., Weisz, R., Crozier, C,, Israel, D., Austin, R., 2017. Evaluation of nitrogen-loss prevention amendments in maize and wheat in North
Carolina. Agron. J. 109, 1811—-1824. https://doi.org/10.2134/agronj2016.03.0153.

Ravishankara, A.R., Daniel, J.S., Portmann, R.W., 2009. Nitrous oxide (N20): the dominant ozone-depleting substance emitted in the 21st century. Science
326, 123—125. https://doi.org/10.1126/science.1176985.

Romer, W, Hilmer, R, Claassen, N., Nohren, N., Dittert, K., 2015. Einfluss einer langjahrigen P-Diingung auf Ertage und Dynamik der CAL-P-Gehalte in einem
Losslehmboden. VDLUFA - Schriftenr. 71 71, 279—285.

Rose, T.J., Wood, R.H., Rose, M.T,, Van Zwieten, L., 2018. A re-evaluation of the agronomic effectiveness of the nitrification inhibitors DCD and DMPP and the
urease inhibitor NBPT. Agric. Ecosyst. Environ. 252, 69—73. https://doi.org/10.1016/j.agee.2017.10.008.

Ruser, R., Schulz, R., 2015. The effect of nitrification inhibitors on the nitrous oxide (N20) release from agricultural soils—a review. J. Plant Nutr. Soil Sci. 178,
171-188.

Sassman, A.M., 2014. Graduate Theses and Dissertations. Corn Production with Instinct Nitrification Inhibitor Applied with Urea-Ammonium Nitrate So-
lution and Liquid Swine Manure, vol. 14276. lowa State University, Ames, lowa, USA, pp. 48—76.

Schraml, M., Gutser, R., Maier, H., Schmidhalter, U., 2016. Ammonia loss from urea in grassland and its mitigation by the new urease inhibitor 2-NPT. J. Agric.
Sci. 154, 1453—1462. https://doi.org/10.1017/S0021859616000022.

Senbayram, M., Chen, R., Budai, A., Bakken, L., Dittert, K., 2012. N20 emission and the N20/(N20+N2) product ratio of denitrification as controlled by
available carbon substrates and nitrate concentrations. Agric. Ecosyst. Environ. 147, 4—12.

Shi, X., Hu, H.-W,, Kelly, K., Chen, D., He, J.-Z., Suter, H., 2017. Response of ammonia oxidizers and denitrifiers to repeated applications of a nitrification
inhibitor and a urease inhibitor in two pasture soils. J. Soils Sediments 17, 974—984. https://doi.org/10.1007/s11368-016-1588-x.

Silva, A.G.B., Sequeira, C.H., Sermarini, RA., Otto, R., 2017. Urease inhibitor NBPT on ammonia volatilization and crop productivity: a meta-analysis. Agron. J.
109, 1-13. https://doi.org/10.2134/agronj2016.04.0200.

Sun, H., Zhang, H., Powlson, D., Min, J., Shi, W., 2015. Rice production, nitrous oxide emission and ammonia volatilization as impacted by the nitrification
inhibitor 2-chloro-6-(trichloromethyl)-pyridine. Field Crop. Res. 173, 1-7. https://doi.org/10.1016/j.fcr.2014.12.012.

Suter, H., Sultana, H., Turner, D., Davies, R., Walker, C., Chen, D., 2013. Influence of urea fertiliser formulation, urease inhibitor and season on ammonia loss
from ryegrass. Nutrient Cycl. Agroecosyst. 95, 175—185. https://doi.org/10.1007/s10705-013-9556-y.

Suter, H.C,, Sultana, H., Davies, R., Walker, C., Chen, D., 2016. Influence of enhanced efficiency fertilisation techniques on nitrous oxide emissions and
productivity response from urea in a temperate Australian ryegrass pasture. Soil Res. 54, 523—532. https://doi.org/10.1071/SR15317.

Tasca, FA., Ernani, PR, Rogeri, D.A., Gatiboni, L.C., Cassol, P.C., 2011. Volatilizacao De Amonia Do Solo Apés a Aplicagao De Ureia Convencional Ou Com
Inibidor De urease. Rev. Bras. Ciénc. Solo 35, 493—502.

Tian, Z., Wang, ]J., Liy, S., Zhang, Z., Dodla, S.K., Myers, G., 2015. Application effects of coated urea and urease and nitrification inhibitors on ammonia and
greenhouse gas emissions from a subtropical cotton field of the Mississippi delta region. Sci. Total Environ. 533, 329—338. https://doi.org/10.1016/j.
scitotenv.2015.06.147.

UNFCCC, 1997. Kyoto Protocol to the United Nations Framework Convention on Climate Change. UNFCCC.

van Beek, C.L., Meerburg, B.G., Schils, R.L.M., Verhagen, ]J., Kuikman, PJ., 2010. Feeding the world’s increasing population while limiting climate change
impacts: linking N20 and CH4 emissions from agriculture to population growth. Environ. Sci. Pol. 13, 89—96. https://doi.org/10.1016/j.envsci.2009.11.
001.

Venterea, R.T.,, Clough, T]J., Coulter, J.A., Breuillin-Sessoms, F., Wang, P., Sadowsky, M.J., 2015. Ammonium sorption and ammonia inhibition of nitrite-
oxidizing bacteria explain contrasting soil N 2 O production. Sci. Rep. 5, 1-15. https://doi.org/10.1038/srep12153.


https://doi.org/10.1139/CJPS2013-289
https://doi.org/10.1016/j.still.2017.08.011
https://doi.org/10.1007/s11368-013-0843-7
https://doi.org/10.1007/s11368-013-0843-7
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref21
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref22
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref22
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref23
https://doi.org/10.1111/gcb.13338
https://doi.org/10.1016/j.soilbio.2017.10.008
https://doi.org/10.1016/j.fcr.2015.02.005
https://doi.org/10.1007/s11368-015-1086-6
https://doi.org/10.1016/j.jes.2017.02.014
https://doi.org/10.1007/s00374-007-0228-4
https://doi.org/10.1007/s00374-014-0907-x
https://doi.org/10.1016/j.soilbio.2012.04.026
https://doi.org/10.1016/j.agee.2017.07.032
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref34
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref34
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref34
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref34
https://doi.org/10.1007/s10705-017-9883-5
https://doi.org/10.1016/j.agee.2016.08.019
https://doi.org/10.2134/jeq2011.0394
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref38
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref38
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref38
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref38
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref38
https://doi.org/10.1111/gcb.12802
https://doi.org/10.2134/agronj2016.03.0153
https://doi.org/10.1126/science.1176985
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref42
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref42
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref42
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref42
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref42
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref42
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref42
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref42
https://doi.org/10.1016/j.agee.2017.10.008
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref44
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref44
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref44
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref44
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref45
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref45
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref45
https://doi.org/10.1017/S0021859616000022
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref47
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref47
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref47
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref47
https://doi.org/10.1007/s11368-016-1588-x
https://doi.org/10.2134/agronj2016.04.0200
https://doi.org/10.1016/j.fcr.2014.12.012
https://doi.org/10.1007/s10705-013-9556-y
https://doi.org/10.1071/SR15317
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref53
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref53
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref53
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref53
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref53
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref53
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref53
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref53
https://doi.org/10.1016/j.scitotenv.2015.06.147
https://doi.org/10.1016/j.scitotenv.2015.06.147
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref55
https://doi.org/10.1016/j.envsci.2009.11.001
https://doi.org/10.1016/j.envsci.2009.11.001
https://doi.org/10.1038/srep12153

H. Wang et al. / Global Ecology and Conservation 22 (2020) e00933 1

Volpi, L, Laville, P., Bonari, E., o di Nasso, N.N., Bosco, S., 2017. Improving the management of mineral fertilizers for nitrous oxide mitigation: the effect of
nitrogen fertilizer type, urease and nitrification inhibitors in two different textured soils. Geoderma 307, 181—188. https://doi.org/10.1016/j.geoderma.
2017.08.018.

Wang, K., Zheng, X., Pihlatie, M., Vesala, T, Liu, C., Haapanala, S., Mammarella, L., Rannik, U., Liu, H., 2013. Comparison between static chamber and tunable
diode laser-based eddy covariance techniques for measuring nitrous oxide fluxes from a cotton field. Agric. For. Meteorol. 171-172, 9—19.

Webb, J., Pain, B., Bittman, S., Morgan, J., 2010. The impacts of manure application methods on emissions of ammonia, nitrous oxide and on crop
response—a review. Agric. Ecosyst. Environ. 137, 39—46.

Weiske, A., Benckiser, G., Herbert, T., Ottow, ]., 2001. Influence of the nitrification inhibitor 3, 4-dimethylpyrazole phosphate (DMPP) in comparison to
dicyandiamide (DCD) on nitrous oxide emissions, carbon dioxide fluxes and methane oxidation during 3 years of repeated application in field ex-
periments. Biol. Fertil. Soils 34, 109—117. https://doi.org/10.1007/s003740100386.

Wolf, U, Fuss, R., Hoeppner, F., Flessa, H., 2014. Contribution of N20 and NH3 to total greenhouse gas emission from fertilization: results from a sandy soil
fertilized with nitrate and biogas digestate with and without nitrification inhibitor. Nutrient Cycl. Agroecosyst. 100, 121—134. https://doi.org/10.1007/
$10705-014-9631-z.

Wu, D., Senbayram, M., Well, R., Brueggemann, N., Pfeiffer, B., Loick, N., Stempfhuber, B., Dittert, K., Bol, R., 2017. Nitrification inhibitors mitigate N20
emissions more effectively under straw-induced conditions favoring denitrification. Soil Biol. Biochem. 104, 197—207. https://doi.org/10.1016/j.soilbio.
2016.10.022.

Wulf, S., Maeting, M., Clemens, J., 2002. Application technique and slurry co-fermentation effects on ammonia, nitrous oxide, and methane emissions after
spreading. J. Environ. Qual. 31, 1795.

Yu, Q., Junwei, M., Wanchun, S., Ping, Z., Hui, L., Changhuan, E, Jianrong, F., 2018. Evaluations of the DMPP on organic and inorganic nitrogen mineralization
and plant heavy metals absorption. Geoderma 312, 45—51. https://doi.org/10.1016/j.geoderma.2017.10.007.

Zaman, M., Blennerhassett, ].D., 2010. Effects of the different rates of urease and nitrification inhibitors on gaseous emissions of ammonia and nitrous oxide,
nitrate leaching and pasture production from urine patches in an intensive grazed pasture system. Agric. Ecosyst. Environ., Estim. Nitrous Oxide Emiss.
Ecosyst. Mitig. Technol. 136, 236—246. https://doi.org/10.1016/j.agee.2009.07.010.

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. https://doi.org/10.1016/j.agee.2012.04.025.

Zaman, M., Zaman, S., Nguyen, M.L,, Smith, TJ., Nawaz, S., 2013. The effect of urease and nitrification inhibitors on ammonia and nitrous oxide emissions
from simulated urine patches in pastoral system: a two-year study. Sci. Total Environ., Soil Source Sink Greenh. Gases 465, 97—106. https://doi.org/10.
1016/j.scitotenv.2013.01.014.


https://doi.org/10.1016/j.geoderma.2017.08.018
https://doi.org/10.1016/j.geoderma.2017.08.018
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref60
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref60
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref60
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref61
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref61
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref61
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref61
https://doi.org/10.1007/s003740100386
https://doi.org/10.1007/s10705-014-9631-z
https://doi.org/10.1007/s10705-014-9631-z
https://doi.org/10.1016/j.soilbio.2016.10.022
https://doi.org/10.1016/j.soilbio.2016.10.022
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref66
http://refhub.elsevier.com/S2351-9894(19)30696-1/sref66
https://doi.org/10.1016/j.geoderma.2017.10.007
https://doi.org/10.1016/j.agee.2009.07.010
https://doi.org/10.1016/j.agee.2012.04.025
https://doi.org/10.1016/j.scitotenv.2013.01.014
https://doi.org/10.1016/j.scitotenv.2013.01.014

	Use of urease and nitrification inhibitors to reduce gaseous nitrogen emissions from fertilizers containing ammonium nitrat ...
	1. Introduction
	2. Materials and methods
	2.1. Soil properties and sample preparation
	2.2. Experimental treatments
	2.3. Gas flux measurements
	2.3.1. Measurement of CO2 and N2O emissions
	2.3.2. Measurement of NH3 emissions

	2.4. Additional parameters
	2.5. Calculations and statistical analysis

	3. Results
	3.1. CO2 emissions
	3.2. N2O emissions
	3.3. NH3 emissions
	3.4. NO3−-N and NH4+-N remaining in the soil after 30 days

	4. Discussion
	4.1. CO2 emissions
	4.2. N2O emissions
	4.3. NH3 emissions
	4.4. Soil NO3−-N and NH4+-N
	4.5. Evaluation of the novel fertilizer additive NZONE MAX

	5. Conclusion
	Declaration of competing interest
	Acknowledgements
	References


