
Nitrous oxide (N2O) is a major greenhouse gas 
with 265-fold trapping heat that of carbon dioxide 
(CO2) on a 100-year frame (IPCC 2014). Moreover, 
soils contribute to approximately 70% of N2O emis-
sions to the atmosphere and overuse of inorganic 
and organic nitrogen (N) fertilisers increased the 
risk of soil N2O emissions (Fowler et al. 2013, Zaw 
Oo et al. 2018). Urea is the most commonly used N 
fertiliser because of its low cost and high N content 
(Fan et al. 2018). Nevertheless, compared to other 

inorganic N fertilisers such as ammonium nitrate 
and ammonium chloride, urea application generally 
results in higher soil N2O emissions (Nelissen et al. 
2014, Deng et al. 2019a). Therefore, urea-fertilised 
soils have great potential in mitigating N2O emissions.

Both urease inhibitor and biochar applications are 
potential strategies for mitigating soil N2O emissions 
(Recio et al. 2020, Aamer et al. 2021). N-(n-butyl) 
thiophosphoric triamide (NBPT) is one major urease 
inhibitor that has been widely used in agriculture 

Urease inhibitor and biochar independently affected N2O 
emissions from Camellia oleifera soils

Bangliang Deng1,2, Fangfang Shen1, Xiaomin Guo2*, Evan Siemann3, 
Ling Zhang2

1Jiangxi Provincial Key Laboratory for Restoration of Degraded Ecosystems and Watershed 
Ecohydrology, College of Water Conservancy and Ecological Engineering, Nanchang Institute 
of Technology, Nanchang, P.R. China

2Key Laboratory of Silviculture, College of Forestry, Jiangxi Agricultural University, 
Nanchang, P.R. China

3Department of Biosciences, Rice University, Houston, USA
*Corresponding author: gxmjxau@163.com

Citation: Deng B.L., Shen F.F., Guo X.M., Siemann E., Zhang L. (2022): Urease inhibitor and biochar independently affected 
N2O emissions from Camellia oleifera soils. Plant Soil Environ., 68: 424–430.

Abstract: Nitrous oxide (N2O) is a long-lived greenhouse gas that impacts climate change. Agricultural soils with 
intensive nitrogen (N) application are the main source of N2O emissions. Reducing N2O emissions from N-fertilised 
soils is, therefore, important for climate change mitigation. The application of urease inhibitor and/or biochar pro-
vides the potential for mitigating N2O emissions. However, the interactive effect of urease inhibitor and biochar on 
N2O emissions remains limited. In this study, an incubation experiment was performed to investigate the gradients 
of urease inhibitor N-(n-butyl) thiophosphoric triamide (NBPT) (0, 0.08, 0.16, and 0.24%) and biochar additions 
(0, 2.5, and 5%) on N2O emissions from urea-fertilised Camellia oleifera soils. Results showed that urease inhibitor 
decreased, but biochar increased cumulative N2O emissions. No significant interactive effects were observed be-
tween urease inhibitor and biochar on the cumulative N2O emissions, but cumulative N2O emissions were decreased 
by NBPT under a 2.5% biochar addition rate. Soil N2O emission rates were negatively correlated with net ammo-
nification and N mineralisation rates and positively correlated with net nitrification rates. This study indicates that 
NBPT, with the characteristic of delaying urea hydrolysis, can be better than biochar in mitigating N2O emissions 
from urea-fertilised soils of C. oleifera plantations.

Keywords: biowaste management; soil ameliorant; global warming; nitrogen transformation; tea-oil tree

Supported by the National Natural Science Foundation of China, Grants No. 41967017 and 31760223, and by the Science 
Foundation of Jiangxi Education Department, Grant No. GJJ211934.

424

Original Paper	 Plant, Soil and Environment, 68, 2022 (9): 424–430

https://doi.org/10.17221/112/2022-PSE



for delaying urea hydrolysis and improving the use 
efficiency of urea. For example, the efficiency of 
NBPT in reducing soil N2O emissions was up to 
79% (Recio et al. 2020). On the other hand, biochar 
produces from biomass pyrolysis at high-temperature 
ranges (250–700 °C) and oxygen-limited conditions. 
Although biochar effects on greenhouse gas emissions 
were influenced by various fertiliser management and 
pyrolysis process (Sosulski et al. 2020a, Sri Shalini 
et al. 2021), biochar has been widely applied as soil 
ameliorants for mitigating N2O emissions and biochar 
application can reduce up to 33% of N2O emissions 
from N-fertilised soils (He et al. 2017).

Tea-oil tree (Camellia oleifera Abel.) is an important 
woody edible oil plant widely cultivated in subtropical 
China. A field study found that N2O emitted from 
N-fertilised soils was three times greater than that 
emitted from unfertilised soils in C. oleifera planta-
tions (Deng et al. 2019b). In addition, the fruit shell 
of C. oleifera, as a biowaste, has not been utilised 
effectively and has generally been discarded, although 
it is a suitable feedstock with high carbon content for 
producing biochar. Previous studies reported that 
C. oleifera fruit shell-derived biochar was an excellent 
soil ameliorant for mitigating N2O emissions (Deng 
et al. 2019b, Gao et al. 2022). For example, biochar 
and modified biochar can reduce 34.3% and 25.8% 
N2O emissions from urea-fertilised soils, respectively 
(Gao et al. 2022).

Based on the possible interaction of urease inhibi-
tor and biochar, this study hypothesised that urease 
inhibitor and biochar could synergistically mitigate 
N2O emissions from urea-fertilised soils. To test this 
hypothesis, an incubation experiment was conducted 
to examine the interactive effect of urease inhibitor 
and biochar with different rates on N2O emissions 
and N transformations from urea-fertilised soils of 
C. oleifera plantation.

MATERIAL AND METHODS

Soil sampling and biochar production. Red soil 
(Nitisols) samples of the upper layer (0–20 cm) were 
collected from C. oleifera plantation (29.16°N, 115.77°E) 
in Jiangxi, China, and were sieved to 2 mm. On the 
other hand, after producing the tested biochar from 
fruit shells of C. oleifera at 450 °C and low oxygen-
limited conditions for 1 h, it was sieved to 2 mm. 
Physicochemical parameters such as NH4

+-N, nitrate 
N (NO3

–-N), dissolved organic carbon (DOC) and 
dissolved organic N, pH, total organic carbon (TOC) 

and total N (TN) of biochar and soil were analysed 
following the methods described in Deng et al. (2020).

Experimental design. A two-factor incubation 
experiment was conducted in three replications with 
four urease inhibitor rates and three biochar rates to 
examine the interactive effect of urease inhibitor and 
biochar on soil N2O emissions and N transformations. 
Fresh soils (25 g oven-dry soil) were added in 250 mL 
conical flasks. Biochar was added at the rate of 0, 2.5, 
and 5%, corresponding to 0, 25, and 50 g biochar/kg 
soil, respectively. Afterwards, urea (200 mg N/kg soil) 
was applied to all soil samples using urea solutions. 
NBPT was added to the soil using NBPT solutions at 
the rate of 0, 0.08, 0.16, and 0.24%, corresponding to 
0, 0.8, 1.6, and 2.4 g NBPT/kg urea-N, respectively. 
Subsequently, all treated soil samples were incu-
bated in the dark and aerobic conditions at a water 
holding capacity of 60% and a temperature of 25 °C 
(Constant temperature incubator, Zhongyi Guoke 
Technology, Beijing, China). Soil N2O emission rates, 
soil NH4

+-N, and soil NO3
–-N concentrations at each 

rate were monitored on 2, 4, 7, 12, 15, 19, 28, 39, 
52, 69, 86, and 93 days by analysing a total of 432 
independent soil samples (4 urease inhibitor rates × 
3 biochar rates × 3 replicates × 12 times). Generally, 
changes in the emission (amplitude) of greenhouse 
gases (e.g. N2O, CO2) were widely fluctuating in the 
early stage of the incubation experiment (Deng et 
al. 2020); thus, gas sampling was not carried out in 
constant periods (Sosulski et al. 2019, 2020b).

Gas samples were collected following the method 
described in Deng et al. (2019a). The N2O concentra-
tion was analysed using a gas chromatographic method 
(Gas chromatograph, Agilent 7890B, Santa Clara, 
USA). The equation used in the calculation of the 
cumulative soil N2O emission was described by Deng 
et al. (2019b). Net ammonification, net nitrification, 
and net N mineralisation rates were calculated fol-
lowing the equations described in Deng et al. (2020).

Statistical analyses. A two-way ANOVA test was 
performed to determine whether the difference in 
the cumulative soil N2O emission between urease 
inhibitor, biochar, and their interactions was signifi-
cant. Tukey’s honestly significant difference (Tukey 
HSD (honestly significant difference)) test was used 
to compare means of N2O emissions between rates. 
The cumulative soil N2O emission data was normal-
ised (Shapiro-Wilk test) using inverse square root 
transformation (y = 1/√x, x = original data values). 
Moreover, Pearson correlation analysis was used to 
examine the relationships between soil N2O emis-
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Table 1. Pairwise correlation coefficients among soil nitrous oxide (N2O) emission rates and nitrogen transfor-
mation rates

Parameter N2O emission rate (ng/g/h)

Net ammonification rate (mg NH4
+-N/kg/day) –0.239***

Net nitrification rate (mg NO3
–-N/kg/day) 0.458** 

Net N mineralisation rate (mg N/kg/day) –0.221***

**P < 0.01; ***P < 0.001. NH4
+-N – ammonium nitrogen; NO3

–-N – nitrate nitrogen
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Figure 1. Dynamics of soil nitrous oxide (N2O) emission rates (A, B, C and D) and net nitrification rates (E, F, 
G and H) under (A, E) 0%, (B, F) 0.08%, (C, G) 0.16%, or (D, H) 0.24% urease inhibitor addition rate. Means ±  
standard error. NO3

–-N – nitrate nitrogen
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sion and soil N transformation rates. The SPSS 20.0 
software (IBM, Armonk, USA) was used to perform 
statistical tests. All significant results were set at 
α = 0.05.

RESULTS AND DISCUSSION

Effects of urease inhibitor on soil N2O emis-
sions. A positive relationship was observed between 
soil N2O emission rates and net nitrification rates 
(Table 1, P < 0.01), indicating that nitrification may 
be the main source of N2O emissions. Indeed, N2O 
emissions and net nitrification rates showed similar 
dynamics and peaks (Figure 1). Urease can hydrolyse 
urea to NH4

+, but the amount of NH4
+ produced may 

provide sufficient N substrates for the nitrification 
process, thus, resulting in N2O emissions (Kuypers 
et al. 2018). Numerous studies have revealed that 
the application of urease inhibitor can effectively 
reduce N2O emissions from urea-fertilised soils (Krol 
et al. 2020, Recio et al. 2020), which is consistent 
with our results (Table 2, Figure 2A, P < 0.001). In 

fact, although urease is an enzyme with two nickel 
(Ni) atoms, only one Ni atom can specifically bind 
to urea and catalyse urea hydrolysis. Thus, NBPT 
inhibits the urease activity by binding to both Ni 
atoms, acting as a tridentate ligand. On the other 
hand, the transformation of NH4

+ to NO3
– via the 

nitrification process is accompanied by the release 
of two protons, resulting in a decrease in soil pH. 
As a key factor, soil pH regulates N2O emissions and 
decreased soil pH (3.3–8.7) increased N2O emissions 
(Wang et al. 2017). However, increasing soil pH with 
lime amelioration not consistently increased N2O 
emission, and pH at 4.3–4.4 and > 6.6 was predicted 
as optimum pH in N2O emissions (Sosulski et al. 
2016a). Thus, the effects of soil pH on N2O emissions 
were complicated which may influence by multiple 
factors. The decrease in soil pH increased the N2O 
emission in acidic soils, which may be related to the 
reduced N2O-reductase activity (Aamer et al. 2021). 
Therefore, suppressed effects of NBPT on mitigation 
of soil N2O emissions may be attributed to NBPT 
first delayed urea hydrolysis and second retarded 
nitrification and acidification.

Effects of biochar on soil N2O emissions. Positive 
effects of biochar on N2O emissions (Figure 2B and 
Figure 3) may be induced by the water or acid soluble 
fraction of the biochar, especially the N (Wang et al. 
2020). Indeed, compared to the soil N contents, fruit 
shells-derived biochar was rich in TN and available 
N (Table 3). However, higher biochar addition rates 
showed lower N2O emissions (Figure 2B, P < 0.001), 
which may relative with biochar addition increasing 

Table 2. Dependence of cumulative soil nitrous oxide 
(N2O) emissions on urease inhibitor and biochar

Factor
Cumulative soil N2O emission

df F P
Urease inhibitor 3 14.002 < 0.001
Biochar 2 56.465 < 0.001
Urease inhibitor × biochar 6 1.931 0.117

Figure 2. Effects of (A) urease inhibitor or (B) biochar on cumulative soil nitrous oxide (N2O) emissions. Means ± 
standard error
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soil pH (Li et al. 2021). Indeed, a higher biochar ad-
dition rate can suppress N2O emissions, which may 
be relative to the increased copy number of the N2O 

reductase gene (nosZ) and soil pH (Aamer et al. 2021). 
In addition, biochar containing polycyclic aromatic 
hydrocarbons and metal oxides may negatively af-

Table 3. Physicochemical properties of incubated soil and fruit shells-derived biochar

Variable pH
NH4

+-N NO3
–-N TOC TN DOC DON 

(mg/kg)(mg/kg) (g/kg)
Soil 4.45 ± 0.00 8.06 ± 0.07 1.09 ± 0.07 15.96 ± 0.14 0.98 ± 0.04 0.30 ± 0.03 26.67 ± 0.27
Biochar 9.80 ± 0.00 36.54 ± 1.15 4.79 ± 0.13 719.91 ± 19.67 5.54 ± 0.03 1.43 ± 0.08 17.25 ± 0.50

NH4
+-N – ammonium nitrogen; NO3

–-N – nitrate nitrogen; TOC – total organic carbon; TN – total nitrogen; DOC – 
dissolved organic carbon; DON – dissolved organic nitrogen. Means ± standard error

Figure 3. Effects of biochar 
on cumulative soil nitrous 
oxide (N2O) emissions un-
der (A) 0%, (B) 0.08%, (C) 
0.16% or (D) 0.24% urease 
inhibitor  addit ion rate . 
Means ± standard error
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Figure 4. Effects of ure-
ase inhibitor on cumula-
tive soil nitrous oxide 
(N2O) emissions under 
(A) 0%, (B) 2.5% or (C) 
5% biochar addit ion 
rate. Means ± standard 
error

fect urease activity (Liu et al. 2018), thus reducing 
the NH4

+ substrate for N2O-producing bacteria. On 
the other hand, soil N2O emissions were various in 
different soil types, fertiliser management and water 
conditions. Although the conditions were similar, 
biochar effects on soil N2O emissions were different 
between our study and a previous study (Gao et al. 
2022), which may be relative to the different condi-
tions of water holding capacity (60% vs. 70%) and 
different contents of soil TOC (15.96 vs. 6.99 g/kg) 
and TN (0.98 vs. 0.57 g/kg). Additionally, the labora-
tory incubation method might not effectively reflect 
natural field conditions, such as various soil tempera-
tures and moisture (Sosulski et al. 2016b, Deng et 
al. 2019b); thus in situ experiment is recommended 
in the future study.

Interactive effects of urease inhibitor and biochar 
on soil N2O emissions. No significant differences in 
N2O emissions were observed between NBPT rates 
under no biochar treatment (Figure 4A, P = 0.104). 
Indeed, a similar result was reported in a previous 
study (Volpi et al. 2017). However, NBPT reduced the 

N2O emission under a 2.5% biochar treatment rate 
(Figure 4B, P < 0.001), while no significant effects of 
NBPT treatment rates were observed on N2O emis-
sions under a 5% biochar treatment rate (Figure 4C, 
P = 0.169). This indicates that NBPT can mitigate 
N2O emissions caused by biochar application, while 
higher biochar rates offset these suppressed effects. 
A meta-analysis showed that NBPT application was 
more effective in mitigating N2O emissions in alka-
line soil than in acid soil (Fan et al. 2018). Therefore, 
pH may play a key role in the mitigation of soil N2O 
emissions by NBPT. In the future, NBPT should be 
preferentially considered rather than biochar to 
mitigate N2O emissions from urea-fertilised soils 
in C. oleifera plantations.
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