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Abstract: Straw return in rice (Oryza sativa L.) paddy has been heavily criticized for its potential
to influence ammonia (NHj) volatilization loss due to irrational fertilizer N application. Therefore,
improving the N fertilization strategies within residue straw systems is necessary to reduce N loss
from NHj volatilization. This study investigated how the incorporation of oilseed rape straw and the
urease inhibitor affected NHj volatilization, fertilizer N use efficiency (FNUE), and rice yields over
two growing seasons (2018-2019) in the purple soil region. This study arranged eight treatments
combined straw (2, 5, 8 ton ha—1, named 25, 55, 8S, respectively), with urea or urease inhibitor (UI,
1% NBPT) with three replicates, which included control (CK), UR (Urea, 150 kg N ha_l), UR + 28,
UR + 55, UR + 85, UR + 2S + UI, UR + 55 + UI, UR + 8S + UI, based on the randomized complete
block method. Our results indicated that incorporating oilseed rape straw increased NHj3 losses by
3.2-30.4% in 2018 and 4.3-17.6% in 2019 than the UR treatment, attributing to the higher NH;*-N
content and pH value within floodwater. However, the UR + 2S + UI, UR + 55 + Ul and UR + 85 +
UI treatments reduced NHj losses by 3.8%, 30.3%, and 8.1% in 2018 and 19.9%, 39.5%, and 35.8%
in 2019, separately compared to their corresponding UR plus straw treatments. According to the
findings, adding 1% NBPT significantly decreased NHj losses while incorporating 5 ton ha~! oilseed
rape straw. Furthermore, adding straw, either alone or in conjunction with 1% NBPT, increased rice
yield and FNUE by 0.6-18.8% and 0.6-18.8%, respectively. Otherwise, NHj3 losses scaled by yield in
the UR + 5S + Ul treatment decreased significantly between all treatments in 2018 and 2019. These
results suggest that optimizing the oilseed rape straw rate combined with 1% NBPT applied with
urea efficiently increased rice yield and reduced NHj emissions in the purple soil region of Sichuan
Province, China.

Keywords: ammonia volatilization; straw incorporation; urease inhibitor; rice yield; fertilizer N
use efficiency

1. Introduction

Nitrogen (N) fertilizer is vital in crop growth and contributes to high crop production.
Urea has been frequently applied globally as the N fertilizer due to its high N content
(46%), cost-effectiveness per N unit, significant availability, poor corrosion, favorable water
solubility, large foliar consumption, and good fertilizer compatibility [1,2]. Rice has been
the major cereal crop, feeding more than half of the world’s population, and China ranks
first worldwide among rice-producing countries [3]. However, the fertilizer nitrogen use
efficiency (FNUE) is very low and only 20-30% in rice fields, attributed to the N loss
through nitrate leaching, nitrous oxide emission, and ammonia (NHj3) volatilization [4].
The volatilization of NHj following urea use has been identified as a main pathway of
N loss. Additionally, NH3 is known to be the primary atmospheric contaminant, which
seriously affects the generation of secondary organic aerosols [5,6]. After emission, NH3

Plants 2023, 12, 2071. https:/ /doi.org/10.3390/plants12112071

https://www.mdpi.com/journal /plants


https://doi.org/10.3390/plants12112071
https://doi.org/10.3390/plants12112071
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0001-9321-0821
https://doi.org/10.3390/plants12112071
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants12112071?type=check_update&version=1

Plants 2023, 12,2071

20f15

is returned to the surface water and lands by deposition, leading to soil acidification,
biodiversity loss, and water eutrophication [7,8]. The Sichuan Basin is the most important
grain-producing region in Southwestern China. Nitrogen loss from NHj volatilization
accounts for 10-43% of the N applied to rice fields in the Sichuan Basin [9]. Purple soil
farmland covers 4.06 million ha, accounting for 36.5% of the total farmland in Sichuan
Province [10]. Purple soils are unique in China and are used extensively in crop production
as the main cropland in the Sichuan Basin. Therefore, optimal management strategies for
reducing NHj loss in paddy fields could improve FNUE and crop production, especially in
purple soil.

Currently, different agricultural management strategies help improve rice yield and
decrease volatilization of NHj3, including water management [11,12], cultivation [13],
fertilization management [14,15], and the use of exotic substances, such as crop straw or
biochar [16,17]. Over the last several decades, straw is usually removed from the field
as a construction material or fuel in various countries [18,19]. However, due to excessive
fertilizer application, global agricultural lands are increasingly vulnerable to pest attacks
and soil agglomerate hardening. Thus, it can promote the return of straw to the field after
harvesting since this can enhance soil erosion control, maintain soil moisture, increase soil
C stocks, improve the abundance of the bacterial community, and mitigate the volatilization
of NHj [20-24]. It is not clear whether straw incorporation can stimulate or suppress NHj
volatilization in paddy fields. Some studies found cumulative NHj3 volatilization fluxes
increased with increasing straw incorporation and urea application due to enhanced urea
hydrolysis and NH4*-N concentrations in floodwater [24-26], while other studies revealed
that tillage management of straw incorporation could reduce NHj volatilization depending
on the straw C/N ratio and soil property [27,28]. Tian et al. [29] found that when rice
straw was amended at 1500 kg ha™! during three rice seasons, NHj3 emissions increased
by 5.3-22.2% compared to the non-rice straw treatment in the basal fertilization stage. A
high volume of straw returned to the soil, one of the effective methods to improve the use
of agricultural resources efficiency in the rape-rice rotation system, when considering the
effective use of straw resources [17,30]. This highlights the importance of comprehensively
investigating the response of NHj volatilization in rice fields due to oilseed rape straw
incorporation, particularly in purple soil.

N-(n-butyl) thiophosphorictriamide (NBPT), a urease inhibitor, helps mitigate NH3
volatilization while controlling soil N dynamics. It is the structural analog of urea, rapidly
transformed into N-(n-butyl) phosphoric triamide (BNPO), and generates the tridentate
ligand with the urease enzyme to compete with the active sites of urease to reduce the
hydrolysis of urea [31]. Using urease inhibitors combined with urea can postpone urea
hydrolysis while maintaining N in the stable ammonium (NH4") form. Therefore, plants
can absorb energy-efficient N and reduce N loss through NHj volatilization [32,33]. NBPT
has been used to reduce NHj volatilization in winter wheat and rice fields under different
soil types [34]. The addition of NBPT improved urea efficiency significantly by increasing
plant dry weight, FNUE, and crop production [35]. Furthermore, NBPT significantly
inhibits urea hydrolysis, influencing nitrification indirectly [36]. Similarly, urease inhibitors
and urea help plants absorb N in the energy-efficient urea or NH4* form [37]. The separated
use of straw or inhibitors can specifically affect soil NHj3 volatilization. However, their
integrated application can show tradeoffs in NHj volatilization, N transformation, and rice
production. Nonetheless, it remains unclear mainly about the comprehensive influences of
combined straw incorporation with NBPT in paddy fields on FNUE, NH; volatilization,
and grain yield in purple soil. Appropriate measures must be further explored to reduce
NHj volatilization and improve FNUE while increasing rice production.

This study used a two-year paddy field experiment to explore how the incorporation
of oilseed rape straw and the urease inhibitor affected the volatilization of NHj3 in the
purple soil region of Sichuan Province, China. Therefore, the objectives of this study
were to: (1) analyze the effects of oilseed rape straw along with urease inhibitor on NHj3
volatilization fluxes; (2) quantify the relationship between the variation of NH;*, NO3 ™,
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pH in floodwater with NHj volatilization; (3) determine the optimal usage of oilseed rape
straw associations with a fixed ratio of urease inhibitor.

2. Results
2.1. NHj3 Volatilization

The temporal variations of NHj3 volatilization flux based on different treatments
after applying basal fertilizer (BF), tillering fertilizer (TF), and panicle fertilizer (PF) in
the 2018-2019 rice-growing seasons can be seen in Figure 1. During both the years of
the experiment, NHj fluxes elevated after applying urea N fertilizer relative to control.
Compared to urea N fertilizer alone, the treatments combined oilseed rape straw with urea
significantly increased NHj fluxes after the application of BF, TF, and PF. However, the
fluxes of NH3 were decreased while increasing the oilseed rape straw from 5 ton ha=! to
8 ton ha~! after TF and PF application in 2018 and TF application in 2019. This can be
attributed to the high adsorption capacity of oilseed rape straw of NH4* and the gross
nitrification enhanced with the increase in oilseed rape straw amounts. Moreover, the flux
of NHj drastically increased after applying PF application in 2019 relative to BF, TF, and PF
application in 2018 and BF and TF application in 2019. Our result concerns the increase in
the flux of NHj to an increase in air temperature.
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Figure 1. Dynamics of NHj fluxes in the different treatments at the stages of basal (1), tillering (2),
and panicle (3) after fertilization in 2018 (al-a3) and 2019 (b1-b3) in rice season ((al,b1), BF; (a2,b2),

TF; (a3,b3), PF).
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The volatilization flux of NHj after applying BE, TF, and PF was influenced by oilseed
rape straw combined with 1% NBPT. The daily NHj3 fluxes were reduced significantly in
the UR + 5S + Ul treatment after fertilizer application relative to the UR + 5S treatment
(p < 0.05). Those highest peaks occurred two or three days after application and decreased
rapidly 4-5 days later. The oilseed rape straw treatments produced the highest peaks for
one or two days, but the addition of 1%NBPT treatments delayed the peaks by several days.

The N loss by NHj3 volatilization under different treatments in the 2018-2019 rice-
growing season is shown in Table 1. The overall NHj losses under UR treatment in 2018
and 2019 were 28.7 and 47.7 kg N ha~!, respectively. Compared to UR treatment, the
addition of oilseed rape straw (UR + 2S, UR + 55, and UR + 8S) increased NHj losses
by 3.2% to 30.4% in 2018 and 4.3% to 17.6% in 2019, respectively. The total NHj losses
under the UR + 2S + UI, UR + 5S + UI, and UR + 8S + Ul treatments were 29.1, 26.1, and
27.2 kg N ha~! in 2018, decreased by 3.8%, 30.3%, and 8.1% compared with those from the
UR + S (UR + 2S5, UR + 55, and UR + 8S) treatments, respectively. While they are 39.9, 32.8,
and 47.2 kg N ha—1in 2019, decreased by 19.9%, 39.5%, and 16.0% than their corresponding
UR + S (UR +2S, UR + 55, and UR + 8S) treatments, respectively, which are much higher
than their decrease ranges in 2018. The NHj losses mainly occurred following BF and PF
application which occupied 72-97% of the NHj losses over the two years due to significant
N inputs, high temperature, and poor N absorption through rice seedlings. Meanwhile,
cumulative NHj3 emissions increased after PF application compared to BF for all treatments
in 2019. The addition of oilseed rape straw promoted the NH3 emission factor during the
two growing seasons. In comparison, the UR + 55 + Ul treatment exhibited a minor NH3
emission factor, significantly decreasing from 19.3% to 13.5% in 2018 and from 29.6 to 15.3%
in 2019 compared to the UR + 5S treatment.

Table 1. Mean ammonia emissions and ammonia emission factors following N fertilizer application
and across the two years of the study in the rice season.

Year Treatment NH; Emission (kg N ha—1) NHj3; Emission Factor (%)
BF TF PF Total BF TF PF Total
CK 30c 1.6d 1.3d 58¢
UR 23.0b 29¢ 2.8 bc 28.7b 33.3 ab 43¢ 2.6 bc 15.2 ab
UR +2S 21.2b 59a 3.2bc 30.3 ab 30.3 ab 143 a 2.4bc 16.0 ab
UR +5S 272a 50b 52a 374a 40.3 a 11.2b 24c 19.3a
2018 UR +8S 21.1b 43b 42ab 29.6 ab 30.2 ab 89b 50a 15.8 ab
UR + 2S5 + UI 22.6 ab 26¢ 39ab 29.1ab 32.7 ab 29¢ 4.4 ab 15.4 ab
UR + 55 + UI 21.1b 26¢ 2.3 cd 26.1b 30.3 ab 34c 1.7 ¢ 13.5b
UR +8S + UI 20.7b 27¢ 3.8 abc 27.2b 294b 38¢ 5.7a 14.8b
CK 3.6¢ 15c¢ 47b 98¢
UR 12.0 ab 41a 31.7a 47.7 a 14.0 ab 85a 45.0 bc 25.3 ab
UR +2S 16.2 ab 3.2ab 334a 498 a 16.0 ab 5.7 ab 478abc  26.7 ab
UR + 55 11.5ab 2.2 bc 405a 542 a 13.2 ab 24c¢ 59.6 a 29.6 a
2019 UR +8S 199 a 19¢ 385a 56.1a 20.2a l4c 56.3 ab 309a
UR +2S + UI 91b 2.7 bc 28.1 ab 399a 92b 4.0 bc 39.0 cd 20.1 be
UR + 55 + UI 8.7b 19¢ 222 ab 32.8b 85b 13c¢ 29.2d 15.3d
UR + 85 + UI 11.3 ab 1.7 ¢ 341a 472 a 129 ab 08¢ 38.9 cd 249c¢
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Table 1. Cont.

Year Treatment NHj; Emission (kg N ha—1) NHj3 Emission Factor (%)
BF TF PF Total BF TF PF Total
CK 33b 1.6d 3.0b 7.8c¢
UR 175a 3.5ab 17.3a 38.2 ab 236a 6.4 ab 23.8 bc 20.3 bc
UR +2S 17.2a 45a 183 a 40.0 ab 231a 10.0 a 25.1bc 21.3 ab
Two-year UR +5S 19.3a 3.6 ab 229a 45.8 a 26.7 a 6.8 ab 31.0a 245a
average UR + 8S 184 a 3.1 abc 214 a 429a 252 a 52abc  306ab  234ab
UR +2S + UI 159a 2.7 bed 16.0 a 34.5ab 20.93 a 3.4bc 21.7 ¢ 17.7 be
UR +5S + UI 149 a 2.3 cd 12.3 ab 294Db 194 a 24c 15.5d 144 ¢
UR + 85 + UI 16.0 a 22cd 19.0a 372 ab 212a 23¢ 223 ¢ 19.9 be

BE, basal fertilizer; TF, tillering fertilizer; PE, panicle fertilizer. Different letters in each group indicate significant
differences between different treatments (p < 0.05).

2.2. Dynamic of Inorganic N Concentration and pH in Floodwater

Temporal changes in pH, NH;*-N, and NO3; ~-N concentrations in floodwater under
various treatments during the 2018-2019 rice seasons are shown in Figure 2. The NO;~-N
and NH;"-N contents within floodwater showed an increasing trend after UR treatment
relative to control and exhibited a decreasing tendency to the range close to control on days
9-15. The NH4*-N contents within UR floodwater were 3.21 and 6.06 mg N L~! on average
in 2018 and 2019, respectively. Compared to the UR treatment, the UR + 2S treatment
increased the contents of NH,* in floodwater after BF and PF applications in 2018 (p < 0.05),
while they remained unchanged after fertilizer application in 2019. Meanwhile, the NH;*-N
contents in the floodwater under UR + 85 treatment were 4.14 and 6.3 mg N L~! on average
in 2018 and 2019, which was reduced by 70.8% and 4.1% relative to that under UR + 55
treatment. The NH4*-N contents in the floodwater under UR + 2S + UI, UR + 5S + UI,
and UR + 85 + UI treatments were 5.4, 3.7, and 3.4 mg N L1 in 2018, whereas 3.9, 3.4,
and 5.0 mg N L1 in 2019, decreased by 18.7%, 47.2% (p < 0.05), and 17.3% in 2018, 30%,
48.3%, and 20.4% in 2019 (p < 0.05) than those from the UR + S (UR + 25, UR + 5S, and
UR + 85) treatments, respectively. Overall, NO; ~-N contents in floodwater did not change
significantly after applying fertilizers under all treatments. However, UR + 8S treatment
increased (p < 0.05) floodwater NO3~-N content after basal application compared with the
UR treatment.

Floodwater pH ranged between 7.3-7.9 in 2018 and 7.2-7.9 in 2019. The addition of
oilseed rape straw alone resulted in an additional reduction of floodwater pH, and a large
amount of oilseed rape straw resulted in lower pH values. Floodwater pH was reduced
in the UR + 5S + UI and UR + 8S + UI treatments and was lower than those in the UR,
UR +5S, and UR + 8S treatments (p < 0.05). Compared to UR treatment, the floodwater
pH of UR + 55 + Ul and UR + 8S + Ul treatments was lower by 0.13 in 2018 and 0.29 in
2019, respectively.

2.3. Rice Yields, FNUE, and Yield-Scaled NHj3 Volatilization

The rice yields under UR treatment were 5.24 ton ha~! in 2018 and 6.77 ton ha~! and
2019, separately (Table 2). Compared to the control, the UR treatment increased rice yield
by 32.0% in 2018 and 34.6% in 2019. Moreover, compared with UR, the rice yield increased
by 5.9%, 12.8%, 0.8%, 7.8%, 19.7%, 15.8% in the UR + 25, UR + 55, UR + 8S, UR + 2S + UI,
UR + 55 + U], and UR + 85 + UI treatments in 2018, while they increased by 3.6%, 1.3%,
10.0%, 0.8%, 9.4%, and 5.8% in 2019, which are much lower than their increase ranges in
2018. Application of oilseed rape straw alone or in combination with 1% NBPT elevated
N absorption through the rice plants in 2018, and more oilseed rape straw led to higher
N uptake. During the UR treatment, the FNUE was 34.9 kg kg~! and 41.3 kg kg~! in
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2018 and 2019, respectively, 0.6-18.8% lower than those in the UR + 2S5, UR + 55, UR + 85,
UR + 2S5+ UI, UR + 55 + Ul and UR + 8S + Ul treatments. However, using 1% NBPT
with urea and more oilseed rape straw increased FNUE and rice yield slightly but not
significantly. Rice yield was significantly associated with year, UR, UR + 5S, UR + 8S,
UR + 55 + UI, and UR + 8S + UI (p < 0.01, Table 3).
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Figure 2. Dynamics of floodwater NH;*—N and NO3;~-N concentrations and pH in the different
treatments ((a1,b1), floodwater NH4* concentration; (a2,b2) floodwater NO3 ~ concentration; (a3,b3), pH).
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Table 2. Effect of oilseed rape straw and urease inhibitors or rice yield, crop N uptake, and FNUE.

Year Treatment Yield (t ha—1) Crop N Uptake (kg N ha—1) FNUE (kg kg~1)
CK 397 +£0.01b 67.3+0.1Db 26.5+0.0b
UR 524 +0.38a 99.1£05a 349+26a
UR +2S 555+049a 1054 £58a 370£33a
UR +5S 591+0.77 a 1071 £ 11.7 a 394+51a
2018 UR + 85 528 £1.53 a 100.6 £ 29.6 a 352+102a
UR+25+UI 565+041a 1045+ 224a 377x27a
UR +5S + UI 622 +0.34a 116.0 = 3.0a 415+£22a
UR + 85 + Ul 6.07 £1.00 a 1122+ 115a 405+ 6.7a
CK 503 +£0.34b 707 £42d 335+23b
UR 6.19 + 0.08 a 106.3 9.7 a 413+£05a
UR +2S 6.41 £044a 108.4 £ 9.6 bc 427 +29a
UR + 55 627 £020a 108.9 £ 3.1 bc 418+ 14a
2019 UR + 85 6.81 £ 0.37 a 1195+ 72a 454+£25a
UR + 25+ UI 624 £0.33a 114.6 = 1.1 abc 416+22a
UR + 55 + Ul 6.77 £0.32a 111.1 £ 2.0 abc 451+21a
UR + 85 + Ul 6.55 + 0.64 a 118.1 +10.0 ab 437+t 43a
ENUE, fertilizer N use efficiency. Different letters in each group indicate significant differences between different
treatments (p < 0.05).
Table 3. Effect of year, oilseed rape straw (S), urease inhibitor (UI), and their interactions on NHj3
volatilization and rice yield.
Factors DF NH; Emissions (kg N ha—1) Yield (tha—1)
SS F P SS F P
Y 1 2489.17 63.20 <0.001 3.37 26.95 <0.001
UR 1 1200.84 30.49 <0.001 242 19.32 <0.001
UR +2S 1 30.06 0.76 0.389 0.02 0.17 0.688
UR +55 1 265.74 6.75 0.015 0.69 5.48 0.026
UR + 85 1 268.65 6.82 0.014 2.02 16.13 <0.001
UR +25+UI 1 5.52 0.14 0.711 0.17 1.35 0.255
UR + 55 + UI 1 19.66 0.50 0.486 1.66 13.27 0.001
UR + 85 + Ul 1 333.61 8.47 0.007 1.40 11.16 0.002
Error 29 39.38 - - 0.13 - -

The yield-scaled NHj3 emissions under UR + 25 and UR + 8S treatments decreased
with increasing rape straw amount in 2018, while all the UR + S treatments increased the
yield-scaled NHj3 emissions by 0.7-12.0% in 2019 compared to the UR treatment (Figure 3).
The yield-scaled NH3 emissions under the UR treatment were 5.12 and 7.71, which was
lower by —1.4%, 17.7%, and 11.7%, in 2018, and 17.1%, 37.2%, and 6.6% in 2019, separately,
compared to the UR + S treatment. The reduction range in 2019 was greater than that in 2018.
Compared to the UR + S treatments, the yield-scaled NH3 emissions under UR + 2S + UI,
UR + 55 + U, and UR + 85 + Ul treatments decreased by 4.8% and 17.7%, 26.3% in 2018 and
44.0%, and 2.5% and 12.6% in 2019, respectively. Furthermore, the UR + 55 + Ul treatment
had the greatest reduction (p < 0.05).
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Figure 3. Effects of oilseed rape straw and 1% NBPT on yield-scaled NHj volatilization from the
treatments in 2018 and 2019. Bars are standard errors (n = 3). Different letters indicate significant
differences between treatments within the same year (p < 0.05).

3. Discussion
3.1. The Effect of Straw Incorporation on NH3 Volatilization

It remains unclear mainly how straw affects NHj3 volatilization, inhibition [29,38,39],
and stimulation [24,26] have been variously reported. Wang et al. [24] found that after
the incorporation of wheat straw at 6.5 ton ha~!, NHj3 volatilization showed an increase
of 28.5% relative to non-straw incorporation. Sun et al. [26] reported that 8 ton ha™!
rice straw application significantly expedited the 8.1% of NHj volatilization compared
to the control. According to the results of over a two-year average in our study, the
cumulative volatilization of NHj increased with increasing the amount of oilseed rape
straw during the rice growing season. Our results agreed with the findings reported by
Wang et al. [24] and Sun et al. [26]. There are two main reasons for that. Firstly, it increased
soil microbe activity and improved urea hydrolysis while increasing NH;-N content
within floodwater [40]. Secondly, an increase in NHj3 volatilization is associated with urease
within straw and higher floodwater pH [24,26]. Sun et al. [26] also showed that straw
decomposition increased energy release, urease activity, and soil temperature. However,
our investigation showed that NHj3 volatilization was reduced with oilseed rape straw
incorporated at 8 ton ha~! compared to 5 ton ha~! after BF and TF in 2018 and TF and PF in
2019. This is because there was poor immobilization and decomposition of N released after
incorporating C-abundant materials [41]. According to Tian et al. [29], urea combined with
rice straw reduced NHj volatilization in wheat fields during the stem elongation period.
Liu et al. [39] found the chemical fertilizer with straw return treatment inhibited the loss of
NH; by 22.7-24.1% compared to the chemical fertilizer treatment. Philippe et al. [38] also
observed straw mulching in no-till fields reduced NHj volatilization by 82.7% N loss to till
soils, due to changes in the soil micro-environment caused by straw mulching. Our results
disagreed with the findings because their results were obtained from dryland.

3.2. The Effect of Urease Inhibitor on NHjz Volatilization

Cumulative volatilization decreased under 1% NBPT amended treatments compared
to the oilseed rape straw and UR treatments. The NH3 cumulative emissions were reduced
by 13.8%, 35.8%, and 13.3% for the UR + 2S + UI, UR + 55 + UI, and UR + 8S + Ul treatments
relative to UR + S treatments, respectively, whereas they decreased by 9.7%, 23.0%, and
2.7% compared to UR treatment, respectively, over a two-year average. Results showed
that UR + 5S + UI treatment was more effective in reducing NHj3 volatilization compared
with UR + 25 + Ul and UR + 85 + Ul treatments. Our findings are consistent with previous
reports, which observed that adding NBPT to urea significantly suppressed soil activity and
postponed the hydrolysis of urea within the soil [33,42-47]. For instance, Regina et al. [46]
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revealed that NHj; losses were reduced by 70% after applying urea plus NBPT. Our results
highlight that these NHj losses were reduced due to high NO3™-N concentrations in flood
water caused by the addition of oilseed rape straw and 1% NBPT after fertilizer application.

Rice yields were increased by adding oilseed rape straw and urea N fertilizer compared
to UR and control treatments. Zeng et al. [48] indicated that straw positively affected the
increased productivity of agriculture by 1.7-145.8% due to the improved soil properties.
Su et al. [49] observed increased yields of oilseed rape because of the elevated soil N and
water availability and reduced soil temperature fluctuations. However, applying oilseed
rape straw with and without 1% NBPT slightly increased FNUE and rice production but
was insignificant. Similar results have been described by Cantarella et al. [2], who state that
reduced NHj volatilization, had a significantly limited impact on rice yield. According to
Liu et al. [50], using UI to reduce NHj loss for N conservation had no significant effect on
grain yield.

The combination of 2 ton ha~! and 8 ton ha! oilseed rape straw and 1% NBPT
slightly reduced yield-scaled NH3 emissions, while the yield-scaled NHj3 emissions for
UR + 5S + UI treatment were reduced more significantly than other treatments. The addi-
tion of oilseed rape straw increased rice yield compared to UR treatment with 1% NBPT,
while the efficiency of NBPT was low in UR + 8S + UI treatment due to the application
of the largest oilseed rape straw amount [51]. Our results demonstrated that 1% NBPT
combined with urea at 5 ton ha~! or the total amount of rape straw in the field effectively
increased FNUE and rice yield. Furthermore, it also reduced NH3 emission at the yield
scale during rice growing seasons in purple soil areas of Southwestern China.

3.3. The Effect of Other Factors on NH3 Volatilization

Climate conditions, such as air temperature and wind speed, affect NH3 fluxes [38,40].
Furthermore, volatilization of NH3 could migrate from the soil in rain or lower temperature
conditions [48,52]. Thus, floodwater and air temperatures in the PF stage reduced in 2018
than in 2019. In addition, more frequent rain was observed in the TF and PF stages in
2018 than in 2019. The persistent rain resulted in a decrease in the NH4*-N content in the
floodwater and heavy rainfall on day two following PF, thus, causing the floodwater to
overflow from the field of the experiment in 2018. Consequently, 2018 had significantly
reduced fluxes of NHj3 volatilization compared to 2019.

Based on the two-year field trial, NH4*-N contents in floodwater increased in straw-
incorporated plots compared to the non-straw incorporation. Therefore, the NHj; fluxes
depicted a relation with the NH4*-N content within floodwater, where the NH4*-N content
in floodwater increased after the oilseed rape straw treatment compared to the treatment
with UR after fertilizer application. Daniel et al. [16] found that adding 10 ton ha~!
rice straw to paddy soil enhanced fertilizer N immobilization in paddy soils. Increased
NO;3;7-N contents were detected in the UR + 8S treatment in 2019 compared to the UR
treatment via oilseed rape straw-enhanced soil nitrification. Ren et al. [53] proposed
that crops compete for N with soil microorganisms, which explains the higher N gross
immobilization rate. According to Liu et al. [54], the higher ammonium level caused by
amended straw decomposition provided more nitrification substrate via ammonia oxidizers
than non-straw treatments. In this study, NHj3 flux was associated with floodwater pH,
correlating with prior reports [55,56]. This study showed that applying oilseed rape straw
reduced floodwater pH after BF in 2018 and TF in 2019. Our findings were supported by a
previous pH reduction of 7.1 & 0.03-5.4 = 0.09 of NPK fertilizers relative to non-fertilization
treatment, regardless of low or high wheat straw content [26]. This is possible due to
the generation of certain acidic substances during the degradation of cellulose [57-59].
Furthermore, Soares et al. [43] pointed out that reduced floodwater pH due to nitrification
caused by the high NO3; ~-N content within soil and floodwater after UR and UR + NBPT
treatments after fertilizer application.

Based on our results, NH; was volatilized within paddy soil during the 1-week
fertilization in the flux patterns, regardless of the straw amendment. The N loss due to
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NH3 volatilization is quantifiable. On the contrary, Huang et al. [9] found that the average
cumulative NH3 emissions in paddy fields in the same area of China were lower than
67.5 kg N ha~!. It is primarily associated with the urea-N used in the surface broadcast of
basal, tillering, and panicle fertilizers rather than the one-time rice fertilizer. According to
Liu et al. [54], farmers typically used one-time rice BF for convenience, which increased
the NH;*-N level in floodwater and the surficial soil layer and could increase the risk of N
losses. Another reason is that rice roots are small, and plants have low N demand, which
increases the risk of N loss during basal fertilization [12]. Furthermore, the rice jointing-
booting stage had the maximal N absorption rate, while sufficient N supply in this period
improved rice production [60]. In the present study, the emission factor for N application
treatments was 19.0% over a two-year average, which was higher than 15.6% reported by
He et al. [56]. Therefore, fertilizer N application in purple soil for rice production has a
greater potential for NHj loss reduction.

4. Materials and Methods
4.1. Experimental Site

The field experiment was conducted at the Ziyang Experimental Station of Sichuan
Academy of Agricultural Sciences located in the upper reaches of Tuojiang River, a major
branch of the Yangtze River (104°32'12""-104°35'19" E; 30°05'12"-30°06'44" N; elevation,
395 m). This site has a subtropical monsoon climate, with the average annual temperature
being 16.8 °C. January and July are the coldest and warmest, and the average minimal and
maximum temperatures are 7.4° C and 27.4 °C, respectively. Furthermore, the average
annual precipitation is 966 mm, with 70% of the falls received during June-September.
According to US Taxonomy, Purple soil is the most common soil type categorized into
Entisol. It is typically found at a depth of 50-80 cm, with low soil productivity and a
light texture. The average precipitation and daily air temperature for the two rice-growing
seasons are shown in Figure 4.
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Figure 4. Variations of air temperature and precipitation during rice growth.

4.2. Treatments and Experiments

The field experiment was initiated in May 2018. The experiment consisted of two
factors, one factor being the amounts of oilseed rape straw (0, 2, 5, 8 tons of dry matter
(DM) ha~1) and the other being the fixed amount of urease inhibitor, at a supply rate of 1%.
The arrangement resulted in eight different treatments with three duplicates as shown in
Table 4. Each plot is 5m x 6 m and the randomized block design was adopted. The NBPT
(Agrotain Ultra, Koch Fertilizer, LLC, Wichita, KS, USA) was applied by hand to urea at a
rate of 10 g NBPT kg ! urea.
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Table 4. Field management for different treatments from 2018 to 2019.

Treatment CK UR UR +2S UR + 58 UR+8 UR+2S+UI UR+55+UI UR+8S+UI
Fertilizer (kg N ha~!) 0 150 150 150 150 150 150 150
Straw(ton ha—1) 0 0 2 5 8 2 5 8
NBPT 0 0 0 0 0 1% 1% 1%

CK, control; UR, 150 kg N ha~! urea; UR + 2S, UR + 5S and UR + 8S, 150 kg N ha~! urea combined with 2, 5,
and 8 ton ha~! oilseed rape straw, respectively; NBPT, N-(n-butyl) thiophosphorictriamide; UI, urease inhibitor
(1% NBPT).

The tested rice (Oryza sativa L.) variety was Yixiang 2115 in both years. The rice was
transplanted on 30 May 2018, and on 2 June 2019, at 20 cm x 24 cm spacing; meanwhile,
the BF was applied, including 60% of total N as urea (i.e., 60 kg N ha™1), 105 kg K70 ha™!
and 75 kg P,Os ha™!. This experiment also used TF (30 kg N ha™!) and PF (60 kg N ha™) on
4 July, 7 August in 2018, and 14 July, and 12 August in 2019, separately. It produced a total
N input of 150 kg N ha™! during the rice growing season, where each column was within
an equivalent irrigation level (about 5 cm flood water level). The rice was harvested on
16 September 2018 and on 20 September 2019. At the harvesting stage, straw and grain
separately collected from experimental plots in each replication were used to measure
the yields. Plants from 10 rice plants from each subplot were randomly sampled at the
harvesting stage to study the moisture content and N uptake differences between the
fertilization patterns. Rice grain moisture content reported herein is 16.4-19.6%, and rice
straw moisture content is 65.1-69.9%. Urea was broadcast to the field. The straw utilized
in this work was derived from the harvested oilseed rape crop. One week before rice
transplantation, the oilseed rape straw was air-dried, cut into 5 cm pieces, and mixed into
topsoil (0-20 cm). The total N, organic C, total P, and total K contents of oilseed rape straw
were 0.42%, 40.6%, 0.071%, and 1.85%, respectively.

4.3. Determination of NH3 Volatilization

The continuous air flow enclosure approach using the dynamic plexiglass cylindrical
chamber (height, 18 cm; inner diameter, 25 cm) could measure NHj volatilization loss [61].
The acrylic chamber was also placed in the soil at 12 cm to prevent air flux on the soil
surface. Daily fluxes in NHj3 volatilization were determined daily between 8:00-10:00 am
and 15:00-17:00 pm [12]. After every fertilizer application, daily NH3 fluxes were measured
between 31 May-9 June, 5-9 July, 7-12 August 2018, 5-18 June, 15-21 July, and 13-18
August 2019.

Volatilized NH3 was trapped by a gas washing bottle containing 60 mL of 20% (w/w)
boric acid. After every measurement, this work eliminated the chamber from the soil to
minimize the heterogeneities of climate conditions in and out of the chamber. On each
sampling date, the sorbers were removed, then the NH; concentration was determined
using 0.01 mol L~! HCI, with the bromocresol green-methyl red mixture within ethanol
being the indicator. The NHj3 flux was calculated by using Equation (1):

Fp = % x 1072 1)
where F,, is the NHj flux rate (kg N ha—! d 1), M is the collected amount of NHj by the
cylindrical chamber (mg), A is the cross-sectional area of the cylindrical chamber (m?), D is
the interval of collection (days).

In addition, the NH3 emission factor, the yield-scaled NHj3 volatilization, and the
fertilizer nitrogen use efficiency (FNUE) were calculated by using Equation (2), Equation (3),
and Equation (4), respectively.

Ef_Ec

NH; emission factor =
N¢

@
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Yield — scaled NH3 emission = Yf 3)
Y

FNUE = — 4

NU N; 4

where E; and E. are the total cumulative NH3 volatiliztion from the N fertilizer and control
treatments (kg N ha™1), respectively. N is the fertilizer N rate (kg N ha~1). Y denotes the
grain yield (kg ha~!) under each treatment.

4.4. Floodwater Sample Collection and Analyses

During the period of NHj3 volatilization measurement, the pH and temperature of
the floodwater were recorded. Floodwater was collected randomly from five locations
and thoroughly mixed into the combined sample. When determining NHj3 volatilization,
floodwater samples were taken at one-day intervals, brought to the laboratory, and analyzed
within 2 h using the Skalar segmented flow analyzer (Skalar, Breda, The Netherlands).
Meteorological data were collected from a meteorological station near the study site from
2018 to 2019.

4.5. Statistics Analysis

The current work used the least significant difference (LSD), and standard analysis of
variance (ANOVA) tests at a significance level of 5% to identify differences between the
incorporation of oilseed rape straw and the incorporation of 1% NBPT in volatilization
of NH3, FNUE, rice production, and emission factor. The covariance analysis (ANCOVA)
examined the possible influences of urea fertilizer, year, straw, urease inhibitor, and the
relationships between rice production and NHj3 volatilization. IBM SPSS Statistics 26 (SPSS,
IBM, Armonk, NY, USA) and R version 3.0.2 were used for statistical analysis.

5. Conclusions

The field study assessed the integrated role of oilseed rape straw and 1% NBPT in NHj3
volatilization, FNUE, and rice yield in the two seasons. An amount of 2 ton ha~! oilseed
rape straw stimulated NHj3 emissions in the two years, and NHj fluxes increased with
increasing oilseed rape straw. The combined use of oilseed rape straw in the 2-5 ton ha~!
range with 1% NBPT could substantially reduce NHj losses. In contrast, 8 ton ha=! straw
with 1% NBPT increased NHj losses. Surprisingly, the co-application of 1% NBPT and urea
to 5 ton ha~! oilseed rape increased FNUE and rice yield while decreasing yield-scaled
NH3 emissions. As a result of the integrated influence on agricultural production in the
current paddy field study, straw incorporation and UI effectively optimize production
while decreasing NHj emissions. Combining approximately 5 ton ha~! oilseed rape straw
or the total amount of oilseed rape straw in the field with 1% NBPT effectively promoted
the economic and environmental benefits of reduced NH3 emission and improved rice
production in the purple soil area of Southwestern China.

Author Contributions: Conceptualization, H.W.; methodology, Q.Z.; software, L.Y. and H.C.; vali-
dation, H.L., K.H. and Q.Z.; investigation, E.L.; writing—original draft preparation, H.-W.; writing—
review and editing, H.W.; supervision, C.L. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the national natural science foundation of China (No.
41977008), grants from the National Key Research and Development Program (2022YFD1901405),
“1 +9” the Key Technology to Improve the Quality of Cultivated Land and Environmental Gover-
nance (1 + 9KJGGO005), the Science and Technology Project of Sichuan Province (20ZDYF1459), the
Sichuan Provincial Science and Technology Achievements Pilot Trial Ripening and Demonstration
Transformation Project (2021ZSSF).

Institutional Review Board Statement: Not applicable.



Plants 2023, 12,2071 13 of 15

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Papangkorn, J.; Isaraphan, C.; Phinhongthong, S.; Opaprakasit, M.; Opaprakasit, P. Controlled-release material for urea fertilizer
from polylactic acid. Adv. Mater. Res. 2008, 55-57, 897-900. [CrossRef]

2. Cantarella, H.; Trivelin, P.C.O.; Contin, T.L.M.; Dias, F.L.E; Rossetto, R.; Marcelino, R. Ammonia volatilization from urease
inhibitor-treated urea applied to sugarcane trash blankets. Sci. Agric. 2008, 65, 397—401. [CrossRef]

3. Wang, L.; Huang, D.; He, C.; Liu, C.; Li, Q.; Huang, Y.; Wang, F. Impacts of the Chinese milk vetch (Astragalus sinicus L.) residue
incorporation on soil physiochemical, microbial properties and rice yields in yellow-mud paddy field. Acta Ecol. Sin. 2023,
43, 1-16.

4. Peng, S.; Buresh, R.J.; Huang, J.; Zhong, X.; Zou, Y.B.; Yang, J.; Wang, G.; Liu, Y,; Hu, R.; Tang, Q.; et al. Improving nitrogen
fertilization in rice by site-specific N management. A review. Agron. Sustain. Dev. 2011, 30, 649-656. [CrossRef]

5. Behra, S.N.; Sharma, M.; Aneja, V.P; Balasubramanian, R. Ammonia in the atmosphere: A review on emission sources, atmospheric
chemistry and deposition on terrestrial bodies. Environ. Sci. Pollut. Res. 2013, 20, 8092-8131. [CrossRef]

6. Gu, B,; Sutton, M.A.; Chang, S.X; Ge, Y.; Chang, J. Agricultural ammonia emissions contribute to China’s urban air pollution.
Front. Ecol. Environ. 2014, 12, 265-266. [CrossRef]

7. Hellsten, S.; Dragosits, U.; Place, C.J.; Vieno, M.; Dore, A.].; Misselbrook, T.H.; Tang, Y.S.; Sutton, M.A. Modelling the spatial
distribution of ammonia emissions in the UK. Environ. Pollut. 2008, 154, 370-379. [CrossRef]

8.  Guo, ].H,; Liu, X.J.; Zhang, Y.; Shen, J.L.; Han, W.X.; Zhang, W.E,; Christie, P.; Goulding, K.W.T.; Vitousek, PM.; Zhang, ES.
Significant acidification in major Chinese croplands. Science 2010, 327, 1008-1010. [CrossRef]

9. Huang, J.; Zhu, B,; Lin, C,; Pang, L.; Zhang, J.; Luo, F; Zhu, Y.; Yi, L. Effects of nitrogen rates and field water nitrogen content on
ammonia volatilization from paddy field in a purple soil hilly district. Soil 2014, 46, 623-629, (In Chinese with English abstract).

10. Huang, C.; He, Y.; Wen, A. Classification and regionalization of purple soil degradation in Sichuan Province. Mt. Res. 1993, 11,
201-208, (In Chinese with English abstract).

11. Li, H,; Liang, X.; Chen, Y.; Tian, G.; Zhang, J]. Ammonia volatilization from urea in rice fields with zero-drainage water
management. Agric. Water Manag. 2008, 95, 887-894. [CrossRef]

12. Cao, Y,; Tian, Y,; Yin, B.; Zhu, Z. Assessment of ammonia volatilization from paddy fields under crop management practices
aimed to increase grain yield and N efficiency. Field Crop Res. 2013, 147, 23-31. [CrossRef]

13.  Zhong, X.; Zhou, X,; Fei, ].; Huang, Y.; Wang, G.; Kang, X.; Hu, W.; Zhang, H.; Rong, X.; Peng, J]. Reducing ammonia volatilization
and increasing nitrogen use efficiency in machine-transplanted rice with side-deep fertilization in a double-cropping rice system
in Southern China. Agric. Ecosyst. Environ. 2021, 306, 107183. [CrossRef]

14. Zheng, J.; Wang, H.; Fan, ].; Zhang, F.; Guo, J.; Liao, Z. Wheat straw mulching with nitrification inhibitor application improves
grain yield and economic benefit while mitigating gaseous emissions from a dryland maize field in northwest China. Field Crop
Res. 2021, 265, 108125-108140. [CrossRef]

15. Wang, Y.; Li, M.; Yan, H. Ammonia volatilization from urea in alfalfa field with different nitrogen application rates, methods and
timing. Agric. Ecosyst. Environ. 2021, 312, 107344-107359. [CrossRef]

16. Daniel, S.; Cucu, M.A.; Sodano, M.; Birk, ].].; Glaser, B.; Celi, L. Nitrogen immobilization in paddy soils as affected by redox
conditions and rice straw incorporation. Geoderma 2014, 228-229, 44-53.

17. Wang, X.; Samo, N.; Zhao, C.; Wang, H.; Yang, G.; Hu, Y.; Peng, Y.; Rasul, F. Negative and positive impacts of rape straw returning
on the roots growth of hybrid rice in the Sichuan Basin area. Agronomy 2019, 9, 690. [CrossRef]

18.  Xu, M.; Lou, Y.; Sun, X.; Wang, W.; Baniyamuddin, M.; Zhao, K. Soil organic carbon active fractions as early indicators for total
carbon change under straw incorporation. Bio. Fert. Soils 2011, 47, 745-752. [CrossRef]

19. Hartmann, T.E.; Guzman-Bustamante, I.; Ruser, R.; Miiller, T. Turnover of urea in a soil from the north China plain as affected by
the urease inhibitor NBPT and wheat straw. Agronomy 2020, 10, 857. [CrossRef]

20. Sun, R; Zhang, X.; Guo, X.; Wang, D.; Chu, H. Bacterial diversity in soils subjected to long-term chemical fertilization can be
more stably maintained with the addition of livestock manure than wheat straw. Soil Biol. Biochem. 2015, 88, 9-18. [CrossRef]

21. Ng Cheong, L.R.; Teeluck, M. The practice of green cane trash blanketing in the irrigated zone of Mauritius: Effects on soil
moisture and water use efficiency of sugarcane. Sugar Tech 2016, 18, 124-133. [CrossRef]

22.  Valim, W.C.; Panachuki, E.; Pavei, D.S.; Sobrinh, T.A.; Almeida, W.S. Effect of sugarcane waste in the control of interrill erosion.
Semin. Cienc. Agrar. 2016, 37, 1155-1164. [CrossRef]

23. Bu, R;Ren, T; Lei, M,; Liu, B,; Li, X.; Cong, R.; Zhang, Y.; Lu, J. Tillage and straw-returning practices effect on soil dissolved
organic matter, aggregate fraction and bacteria community under rice-rice-rapeseed rotation system. Agric. Ecosyst. Environ. 2020,
287,106681-106689. [CrossRef]

24. Wang, J.; Wang, D.; Zhang, G.; Wang, C. Effect of wheat straw application on ammonia volatilization from urea applied to a

paddy field. Nutr. Cycl. Agroecosyst. 2012, 94, 73-84. [CrossRef]


https://doi.org/10.4028/www.scientific.net/AMR.55-57.897
https://doi.org/10.1590/S0103-90162008000400011
https://doi.org/10.1051/agro/2010002
https://doi.org/10.1007/s11356-013-2051-9
https://doi.org/10.1890/14.WB.007
https://doi.org/10.1016/j.envpol.2008.02.017
https://doi.org/10.1126/science.1182570
https://doi.org/10.1016/j.agwat.2007.05.016
https://doi.org/10.1016/j.fcr.2013.03.015
https://doi.org/10.1016/j.agee.2020.107183
https://doi.org/10.1016/j.fcr.2021.108125
https://doi.org/10.1016/j.agee.2021.107344
https://doi.org/10.3390/agronomy9110690
https://doi.org/10.1007/s00374-011-0579-8
https://doi.org/10.3390/agronomy10060857
https://doi.org/10.1016/j.soilbio.2015.05.007
https://doi.org/10.1007/s12355-015-0374-1
https://doi.org/10.5433/1679-0359.2016v37n3p1155
https://doi.org/10.1016/j.agee.2019.106681
https://doi.org/10.1007/s10705-012-9527-8

Plants 2023, 12,2071 14 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Xu, Y,; Fan, J.; Ding, W.; Bol, R.; Gunina, A.; Chen, Z.M.; Luo, J.F; Bolan, N. Stage-specific response of litter decomposition to N
and S amendments in a subtropical forest soil. Biol. Fertil. Soils 2016, 52, 711-724. [CrossRef]

Sun, X.; Zhong, T.; Zhang, L.; Zhang, K.; Wu, W. Reducing ammonia volatilization from paddy field with rice straw derived
biochar. Sci. Total Environ. 2019, 69, 512-518. [CrossRef]

Yang, Q.; Liu, P.; Dong, S.; Zhang, J.; Zhao, B. Effects of fertilizer type and rate on summer maize grain yield and ammonia
volatilization loss in northern China. J. Soil Sediment. 2019, 19, 2200-2211. [CrossRef]

Li, H; Wang, L.; Peng, Y.; Zhang, S.; Lv, S.; Li, J.; Abdo, A.L; Zhou, C.; Wang, L. Film mulching, residue retention and N
fertilization affect ammonia volatilization through soil labile N and C pools. Agric. Ecosyst. Environ. 2021, 308, 107272-107282.
[CrossRef]

Tian, G.; Cai, Z.; Cao, ].; Li, X. Factors affecting ammonia volatilization from a rice-wheat rotation system. Chemosphere 2001,
42,123-129. [CrossRef]

Li, H,; Dai, M.; Dai, S.; Dong, X. Current status and environment impact of direct straw return in China’s cropland—A review.
Ecotoxicol. Environ. Saf. 2018, 159, 293-300. [CrossRef]

Manunza, B.; Deiana, S.; Pintore, M.; Gessa, C. The binding mechanism of urea, hydroxamic acid and N-(n-butyl)-phosphoric
triamide to the urease active site. A comparative molecular dynamics study. Soil Biol. Biochem. 1999, 31, 789-796. [CrossRef]

Li, X.; Zhang, G.; Xu, H.; Cai, Z.; Yagi, K. Effect of timing of joint application of hydroquinone and dicyandiamide on nitrous
oxide emission from irrigated low land rice paddy field. Chemosphere 2009, 75, 1417-1422. [CrossRef]

Zaman, M.; Saggar, S.; Blennerhassett, ].D.; Singh, J. Effect of urease and nitrification inhibitors on N transformation gaseous
emissions of ammonia and nitrousoxide, pasture yield and N uptake in grazed pasture system. Soil Biol. Biochem. 2009,
41, 1270-1280. [CrossRef]

Engel, R.; Jones, C.; Wallander, R. Ammonia volatilization from urea and mitigation by NBPT following surface application to
cold soils. Soil Sci. Am. ]. 2011, 75, 2348-2357. [CrossRef]

Muhammad, M.; Jaafar, N.; Sakimin, S.; Yusop, M. N-(n-Butyl) Thiophosphorictriamide (NBPT)-coated urea (NCU) improved
maize growth and nitrogen use efficiency (NUE) in highly weathered tropical soil. Sustainability 2020, 12, 8780.

Meng, X.; Li, Y.; Yao, H.; Wang, J.; Dai, F.; Wu, Y.; Chapman, S. Nitrification and urease inhibitors improve rice nitrogen uptake
and prevent denitrification in alkaline paddy soil. Appl. Soil Ecol. 2020, 154, 103665-103677. [CrossRef]

Watson, C.J.; Akhonzada, N.A.; Hamilton, ].T.G.; Matthews, D.I. Rate and mode of application of the urease inhibitor N-(n-butyl)
thiophosphorictriamide on ammonia volatilization from surface-applied urea. Soil Use Manag. 2008, 24, 246-253. [CrossRef]
Philippe, R.; Denis, A.A.; Martin, H.C.; MacDonald, J.D.; Nicole, B.; Normand, B. Ammonia volatilization following surface
application of urea to tilled and no till soils: A laboratory comparison. Soil Tillage Res. 2009, 103, 310-315.

Liu, Y,; Wang, K,; Liao, S.; Ren, T,; Li, X.; Cong, R.; Lu, J. Differences in responses of ammonia volatilization and greenhouse gas
emissions to straw return and paddy-upland rotations. Environ. Sci. Pollut. Res. 2021, 29, 25296-25307. [CrossRef]

Hayashi, K.; Nishimura, S.; Yagi, K. Ammonia volatilization from a paddy field following application of urea: Rice plants are
both an absorber and an emitter for atmospheric ammonia. Sci. Total Environ. 2008, 390, 485-494. [CrossRef]

Zhang, Y.; Zheng, X.; Guo, B.; Yu, J.; Carswell, A.; Misselbrook, T.; Zhang, J.; Miiller, C.; Chen, D.; Ding, H. Mechanisms behind
the inhibition of autotrophic nitrification following rice straw incorporation in a subtropical acid soil. Soil Tillage Res. 2020,
196, 104436-104444. [CrossRef]

Dawar, K.; Zamanb, M.; Rowarthg, ].S.; Blennerhassettb, J.; Turnbulla, M.H. Urease inhibitor reduces N losses and improves
plant-bioavailability of urea applied in fine particle and granular forms under field conditions. Agric. Ecosyst. Environ. 2011,
144, 41-50. [CrossRef]

Soares, J.R.; Cantarella, H.; Menegale, M. Ammonia volatilization losses from surface-applied urea with urease and nitrification
inhibitors. Soil Biol. Biochem. 2012, 52, 82-89. [CrossRef]

Singh, J.; Kunhikrishnan, A.; Bolan, N.S.; Saggar, S. Impact of urease inhibitor on ammonia and nitrous oxide emissions from
temperate pasture soil cores receiving urea fertilizer and cattle urine. Sci. Total Environ. 2013, 465, 56-63. [CrossRef] [PubMed]
Silva, A.G.B.; Sequeira, C.H.; Sermarini, R.A.; Otto, R. Urease inhibitor NBPT on ammonia volatilization and crop productivity: A
meta-analysis. Agron. J. 2017, 109, 1-13. [CrossRef]

Regina, M.; Lana, Q.; Pereira, V.J.; Leite, C.N.; Teixeira, G.M.; da Silva Gomes, J.; de Camargo, R. NBPT (urease inhibitor) in the
dynamics of ammonia volatilization. Agronomia 2018, 13, 1-8.

Affendi, M.N.; Mansor, N.; Samiri, S.S. Addition of chemical and natural urease inhibitors in reducing ammonia and nitrous
Oxide Losses. J. Soil Sci. Plant Nut. 2019, 20, 253-258. [CrossRef]

Zeng, M.X.; Wang, R.F,; Shi-Qi, P.; Zhang, Y.J.; Cui, Y; Shan, X.Z.; Liao, C.Z.; Tian, Y.G. Summary of returning straw into field of
main agricultural areas in China. Chin. J. Soil Sci. 2002, 33, 336-339, (In Chinese with English abstract).

Su, W;; Lu, J.; Wang, W.; Li, X; Ren, T.; Cong, R. Influence of rice straw mulching on seed yield and nitrogen use efficiency of
winter oilseed rape (Brassica napus L.) in intensive rice-oilseed rape cropping system. Field Crop Res. 2014, 159, 53-61. [CrossRef]
Liu, T,; Fan, D.; Zhang, X.; Chen, J.; Li, C.; Cao, C. Deep placement of nitrogen fertilizers reduces ammonia volatilization and
increases nitrogen utilization efficiency in no-tillage paddy fields in central China. Field Crop Res. 2015, 184, 80-90. [CrossRef]
Francisco, S.S.; Urrutia, O.; Martin, V.; Peristeropoulos, A.; Garcia-Mina, J.M. Efficiency of urease and nitrification inhibitors in
reducing ammonia volatilization from diverse nitrogen fertilizers applied to different soil types and wheat straw mulching. J. Sci.
Food Agric. 2011, 91, 1569-1575. [CrossRef]


https://doi.org/10.1007/s00374-016-1115-7
https://doi.org/10.1016/j.scitotenv.2018.12.450
https://doi.org/10.1007/s11368-019-02254-1
https://doi.org/10.1016/j.agee.2020.107272
https://doi.org/10.1016/S0045-6535(00)00117-X
https://doi.org/10.1016/j.ecoenv.2018.05.014
https://doi.org/10.1016/S0038-0717(98)00155-2
https://doi.org/10.1016/j.chemosphere.2009.02.006
https://doi.org/10.1016/j.soilbio.2009.03.011
https://doi.org/10.2136/sssaj2011.0229
https://doi.org/10.1016/j.apsoil.2020.103665
https://doi.org/10.1111/j.1475-2743.2008.00157.x
https://doi.org/10.1007/s11356-021-17239-2
https://doi.org/10.1016/j.scitotenv.2007.10.037
https://doi.org/10.1016/j.still.2019.104436
https://doi.org/10.1016/j.agee.2011.08.007
https://doi.org/10.1016/j.soilbio.2012.04.019
https://doi.org/10.1016/j.scitotenv.2013.02.018
https://www.ncbi.nlm.nih.gov/pubmed/23473618
https://doi.org/10.2134/agronj2016.04.0200
https://doi.org/10.1007/s42729-019-00136-6
https://doi.org/10.1016/j.fcr.2014.01.007
https://doi.org/10.1016/j.fcr.2015.09.011
https://doi.org/10.1002/jsfa.4349

Plants 2023, 12, 2071 15 of 15

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

Vander, S.B.; Temminghoff, E.].M.; van Vliet, P.C.].; van Riemsdijk, W.H. Volatilization of ammonia from manure as affected by
manure additives, temperature and mixing. Bioresour. Technol. 2007, 98, 3449-3455.

Ren, T,; Bu, R; Liao, S.; Zhang, M,; Li, X.; Cong, R. Differences in soil nitrogen transformation and the related seed yield of
winter oilseed rape (Brassica napus L.) under paddy-upland and continuous upland rotations. Soil Tillage Res. 2019, 192, 206-214.
[CrossRef]

Liu, Y;; Dong, J.; Han, L.; Zheng, Y.; He, J. Influence of rice straw amendment on mercury methylation and nitrification in paddy
soils. Environ. Pollut. 2016, 209, 53-59. [CrossRef]

Zhao, X.; Wang, S.; Xing, G. Nitrification, acidification, and nitrogen leaching from subtropical cropland soils as affected by rice
straw-based biochar: Laboratory incubation and column leaching studies. J. Soil Sediment. 2014, 14, 471-482. [CrossRef]

He, T; Liu, D.; Yuan, J.; Ni, K.; Zaman, M.; Lio, J.; Linsey, S.; Ding, W. A two years study on the combined effects of biochar and
inhibitors on ammonia volatilization in an intensively managed rice field. Agric. Ecosyst. Environ. 2018, 264, 44-53. [CrossRef]
Leschine, S.B. Cellulose degradation in anaerobic environments. Annu. Rev. Microbiol. 1995, 49, 399—-426. [CrossRef] [PubMed]
Kato, S.; Haruta, S.; Cui, Z.].; Ishii, M.; Igarashi, Y. Stable coexistence of five bacterial strains as a cellulose-degrading community.
Appl. Environ. Microb. 2005, 71, 7099-7106. [CrossRef] [PubMed]

Zhu, K;; Ye, X.; Ran, H.; Zhang, P.; Wang, G. Contrasting effects of straw and biochar on microscale heterogeneity of soil O, and
pH: Implication for N,O emissions. Soil Biol. Biochem. 2022, 166, 108564. [CrossRef]

Xiang, J.; Haden, V.R.; Peng, S.B.; Bouman, B.A.M.; Huang, J.L.; Cui, K.H. Effect of deep placement of nitrogen fertilizer on
growth, yield, and nitrogen uptake of aerobic rice. Aust. J. Crop Sci. 2013, 7, 870-877.

Pacholski, A.; Cai, G.; Nieder, R.; Ritcher, J.; Fan, X.; Roelcke, Z.Z. Calibration of a simple method for determining ammonia
volatilization in the field-comparative measurements in Henan Province. Nutr. Cycl. Agroecosyst. 2006, 74, 259-273. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.still.2019.05.008
https://doi.org/10.1016/j.envpol.2015.11.023
https://doi.org/10.1007/s11368-013-0803-2
https://doi.org/10.1016/j.agee.2018.05.010
https://doi.org/10.1146/annurev.mi.49.100195.002151
https://www.ncbi.nlm.nih.gov/pubmed/8561466
https://doi.org/10.1128/AEM.71.11.7099-7106.2005
https://www.ncbi.nlm.nih.gov/pubmed/16269746
https://doi.org/10.1016/j.soilbio.2022.108564
https://doi.org/10.1007/s10705-006-9003-4

	Introduction 
	Results 
	NH3 Volatilization 
	Dynamic of Inorganic N Concentration and pH in Floodwater 
	Rice Yields, FNUE, and Yield-Scaled NH3 Volatilization 

	Discussion 
	The Effect of Straw Incorporation on NH3 Volatilization 
	The Effect of Urease Inhibitor on NH3 Volatilization 
	The Effect of Other Factors on NH3 Volatilization 

	Materials and Methods 
	Experimental Site 
	Treatments and Experiments 
	Determination of NH3 Volatilization 
	Floodwater Sample Collection and Analyses 
	Statistics Analysis 

	Conclusions 
	References

