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A B S T R A C T   

Nitrogen (N) stabilizers, e.g. nitrification inhibitor (NIs), urease inhibitor (UIs), or combined NIs and UIs (NUIs) 
have been recommended to reduce N losses, and improve fertilizer N use efficiency (NUE) and crop yield. 
However, the effectiveness of N stabilizers on rice yield and NUE varies greatly and the underlying mechanisms 
are not well understood. We performed a series of 15N tracing experiments in the laboratory and in the field of 
two paddy soils with contrasting pH (pH 5.18 and 7.83) to evaluate the effects of N stabilizers on gross rates of 
soil N transformations, rice yield, NUE and N loss. Results showed that in acidic soil the NI and NUI did not 
significantly affect the NH4

þ residence time and the potential risk of N loss (gross nitrification rate (ONH4) þ NH3 
volatilization (VNH3), ONH4 þ VNH3). However, the NI significantly inhibited ONH4 reducing the combined 
ammoniacal N loss (ONH4 and VNH3) by 19.7% and prolonging the NH4

þ residence time in alkaline soil. Similarly, 
NUI also reduced ONH4 þ VNH3 by 15.8%, thus, increasing the residence time of ammoniacal N in alkaline soil. 
The results of the field trial showed that application of NI and NUI can improve rice yield and NUE by extending 
a residence time of NH4

þ in alkaline soil, but not in acidic soil. This study provided information under which 
conditions NIs and/or NUIs can be recommended to enhance rice production while reducing environmental 
impacts.   

1. Introduction 

Rice is the staple food for the world’s population. To achieve high 
rice production, a large amount of N fertilizer has been applied; how-
ever, N fertilizer use efficiency (NUE) in rice systems is relatively low 
with average NUE of 39% globally (Zhang et al., 2015). Ammonia 
volatilization and coupled nitrification-denitrification are the major 
pathways of N loss in rice systems (Coskun et al., 2017; Zhu and Chen, 
2002). Urea and NH4

þ-based fertilizers are commonly used N fertilizers 
in rice systems. Urea is rapidly hydrolyzed in soil, resulting in increased 
NH4
þ concentrations and increased soil pH around the fertilizer granule 

(Sherlock and Goh, 1984). Ammonia volatilization, which is enhanced 

at high pH and high temperatures, can account for 13–56% losses of the 
applied fertilizer N (Dong et al., 2012; Griggs et al., 2007; Norman et al., 
2009). Coupled nitrification-denitrification can amount up to 46% (on 
average 27%) losses of the applied fertilizer N in rice systems (Li and 
Lang, 2014; Ni and Zhu, 2004; Zhu and Chen, 2002), i.e. NO3

� and NO2
�

produced via nitrification in aerobic zones is transported to adjacent 
anaerobic zones where is further denitrified/reduced to gaseous N (Cai, 
2002; Wang et al., 2017; Zhou et al., 2012). 

Nitrogen process inhibitors, e.g. nitrification inhibitors (NIs), ureases 
inhibitors (UIs) or combined ureases and nitrification inhibitors (NUIs), 
are recommended to reduce gaseous N losses (i.e. NH3, NO, N2O, N2). 
The application of NIs can depress the activity of the ammonia 
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monooxygenase enzyme, thereby inhibiting ammonia oxidation. How-
ever, the effectiveness is governed by soil properties such as soil mois-
ture and soil organic matter content (Puttanna et al., 1999; Yan et al., 
2012), while the influence of pH was inconsistent. Some investigations 
indicated that the relative inhibition by NIs decreased with decreasing 
soil pH, due to the susceptibility of nitrifiers to NIs which is relatively 
greater under high pH conditions (Hendrickson and Keeney, 1979; Yan 
et al., 2012; Zhao et al., 2018). However, others observed that increasing 
soil pH could reduce NIs inhibitory effectiveness (Puttanna et al., 1999). 
Robinson et al. (2014) also reported that NIs could effectively inhibit the 
activity of AOB and AOA under different soil pH conditions. Thus, 
additional studies are needed to clarify the effect of soil pH on NIs 
effectiveness. The application of NIs can extend the residence time of 
fertilizer N as NH4

þ in the soil, and effectively reduce N loss through NO3
�

leaching and N2O emission in different agro-ecosystems (Robinson et al., 
2014; Thapa et al., 2016; Vogeler et al., 2002). However, the danger of 
an extended residence time of NH4

þ is its potential simulation of NH3 
volatilization (Kim et al., 2012; Lam et al., 2017). Many previous studies 
have proved that the UIs can effectively reduce NH3 volatilization 
(Frauke et al., 2015; Lam et al., 2018; Ni et al., 2014), especially in soils 
at higher pH and lower cation exchange capacity (Kim et al., 2012). In 
addition, the combined application of NI and UIs is generally more 
effective for reducing N loss compared to single inhibitor application 
(Clay et al., 1990; Kim et al., 2012; Zaman and Blennerhassett, 2010). 

However, results from previous studies on the effectiveness of NIs or 
NUIs on rice yield and NUE were inconsistent (Akiyama et al., 2010; Li 
et al., 2018; Linquist et al., 2013; Yuan et al., 2014). A meta-analysis 
showed that pH was a good predictor of the effectiveness of NIs and 
NUIs on rice yield (Linquist et al., 2013). Generally, the application of 
NIs and NUIs in acidic soils (pH � 6) had no significant effect on rice 
yield and N uptake, whereas, positive responses of yield and N uptake 
were observed in soils at pH > 6, and especially in alkaline soils (pH � 8) 
(e.g. a yield increased by 10.2% was observed by (Linquist et al., 2013)). 
The effectiveness of N stabilizers appears to be independent of the fer-
tilizer management (e.g. rate, and time of the N application) and water 
supply (e.g. permanent flood, intermittent wet and dry) (Linquist et al., 
2013). Thus, the mechanisms underlying pH dependence of the effec-
tiveness of NIs or NUIs on rice yield, NUE and N losses in rice systems are 
not well understood. 

Rice is a typical NH4
þ preference plant (Ismunadji and Dijkshoorn, 

1972; Sun et al., 2015). Since nitrification is delayed and NH3 volatili-
zation is low under acidic conditions, NH4

þ remains longer available for 
plant uptake in acidic paddy soils (Liu et al., 2019; Zhang et al., 2018). 
Theoretically, this match between plant ecophysiology and soil N dy-
namics (i.e. matching relationship) is favorable to enhance rice yields 
(Liu et al., 2019; Zhang et al., 2016). Thus, we hypothesized that the 
effectiveness of N stabilizers, i.e. NIs and NUIs, on rice productivity and 
NUE is dependent on whether N stabilizers can improve the matching 
relationship. In alkaline soils, the application of NIs or NUIs should 
theoretically also extend the residence time of NH4

þ and reduce the NO3
�

production. Thus, the effectiveness of NIs or NUIs on rice yield, NUE and 
N losses is also very important in alkaline soils. The prolonged NH4

þ

residence time in alkaline soil in response to NI application can, how-
ever, pose the risk of increased NH3 volatilization. The low response of 
rice yield or N uptake to the application of NIs or NUIs in acidic soils can 
possibly also be associated with stimulated NH3 volatilization. 

In this study, two paddy soils with contrasting soil pH (pH at 5.18 

and 7.83) were selected. The gross rates of soil N transformations 
without or with N stabilizers (i.e. NIs, NUIs) were determined in labo-
ratory experiment using a15N tracing experiment combined with a new 
15N tracing model (NtraceUrea) to analyze the N transformation dynamics 
after urea application. The effectiveness of NIs or NUIs in response to pH 
on rice yield, NUE and N losses was investigated by two field studies. 

2. Materials and methods 

2.1. Study sites 

The short-term field trials were conducted in Dehua (118�80E, 
25�380N) of Fujian province, and Yanting (105�280 E, 31�160 N) of 
Sichuan province, respectively, in 2017. The Fujian province is char-
acterized by a subtropical humid monsoon climate with mean annual air 
temperature of 17.5 �C and mean annual precipitation of approximately 
1788 mm (30-year average), about 50% of which occurs from April to 
June. The acidic soil (pH of 5.18) is a typical zonal soil enriched by 
aluminum and iron oxides, and is strongly oxidized. It originated from 
granite and is classified as Orthic Acrisol according to FAO soil classi-
fication. Before the field trials were established, the rice-rape or wheat 
rotation was maintained in the field. The Sichuan province is also 
characterized by a subtropical humid monsoon climate. The annual 
average air temperature at the site is 17.3 �C and the annual precipita-
tion is 863 mm, of which approximately 70% occurs from May to 
September. The experimental soil is a typical non-zonal soil derived 
from purplish shale, known as ‘purple soil’ in China, and classified as 
Eutric Regosols according to FAO soil classification (Zhu et al., 2008). 
Because the purplish shale is characterized as easily weathered, eroded 
and alkaline (pH 7.83), the purple soil was not fully developed and 
inherited the properties of the parent materials. Further details on the 
two sites and soil physicochemical properties are provide by Zhou et al. 
(2014). Before the field trials were established, the rice-wheat rotation 
was maintained in the fields with the wheat season before the rice 
cropping. 

Prior to the field studies, soil samples (0–20 cm) were collected at six 
randomly selected points from each site and samples were pooled into a 
composite sample per site to determine the soil properties and gross N 
transformation rates. The concentration of soil organic C, total N, and C/ 
N ratio was similar for the two studied soils, only soil pH was signifi-
cantly lower in Fujian (acidic soil) than Sichuan (alkaline soil) (Table 1). 

2.2. Experimental treatments in field 

There were four treatments with three replicates for each site: (1) no 
N fertilizer (control), (2) urea application (U), (3) urea applied with 
nitrification inhibitor (3, 4-dimethylepyrazole phosphate, DMPP) (NI), 
(4) urea applied with nitrification inhibitor and urease inhibitor (N-(n- 
butyl) thiophosphoric triamide, NBPT) (NUI). Nitrogen fertilizers in all 
treatments (excluding CK) were applied at 150 kg N ha� 1 with 70% as 
base fertilizer before transplanting and 30% as topdressing at 15 days 
after transplanting. The nitrification inhibitor and urease inhibitor was 
mixed with the urea at 1.5 kg DMPP ha� 1 and 1.5 kg NBPT ha� 1 

immediately before N application. All the treatments received the same 
rate of 75 kg P2O5 ha� 1 and 135 kg K2O ha� 1 as basal fertilization before 
transplanting. Basal fertilizers were broadcasted evenly onto the soil 
surface by hand and then incorporated into the soil with shallow 

Table 1 
Soil properties (mean � SD) in two studied paddy soils.  

Soil pH Soil organic C Total nitrogen C/N Clay (%)<2 μm Silt (%) 
2–20 μm 

Sand (%) 
20–2000 μm 

(g kg� 1) 

Acidic 5.18 � 0.13b 14.24 � 0.41a 1.43 � 0.17a 12.01 � 0.33a 16.4 28.3 55.3 
Alkaline 7.83 � 0.08a 14.83 � 0.35a 1.22 � 0.09a 12.20 � 0.89a 18.1 34.7 44.5  
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plowing before rice seedlings were transplanted; while the topdressings 
were broadcasted onto the soil surface without incorporation. The rice 
seedling was transplanted on 28 May 2017 in Sichuan and on 21 May 
2017 in Fujian, respectively. Harvest occurred on 16 September 2017 in 
Sichuan and 26 September 2017 in Fujian. Except for aeration and 
harvest stages, the fields in both locations were flooded. The water depth 
was kept at 2–3 cm at the tillering stage (i.e. 20 days after transplanting) 
and at 3–5 cm at other times. The aeration stage started after the tillering 
stage and thereafter the fields were drained for 7 days and again at 
approximately 10 days before harvest. 

To quantify the fate of N fertilizer during rice growth period, a series 
of micro-plots (1 m � 1 m) for 15N tracing experiments were setup in the 
center of each plots except for CK. The micro-plots were separated from 
the external soil by plastic film to a depth of 25 cm below the soil surface 
(20 cm wide at the base and 15 cm high on each side of the ridge). The 
management of cultivation in micro-plots was the same as in the 
remaining field plots. 15N labeled CO(NH2)2 (10.16 atom % 15N) was 
sprayed on the micro-plot at the same rate as in the field experiments. 
Based on the planting density, 9 rice plants were planted per micro-plot. 
At harvest, all the plants (including grains, straws and roots) were 
collected, and dried at 60 �C to a constant weight for biomass deter-
mination. All the dried plants were ground to pass through a 0.25 mm 
sieve for subsequent determination of the N concentrations and 15N 
isotopic compositions. In addition, 0–20 cm soil of each micro-plot was 
sampled to determine the concentrations and isotopic composition of 
total N, and the bulk density. Thus, the fate of fertilizer N in plant-soil 
systems (uptake by crop plants, N remaining in soil) were determined. 

2.3. Laboratory 15N tracing experiment 

After the samples were taken back to the laboratory, wheat was 
planted for 21 days to reduce excess inorganic N in the soil. Then, 
samples were mixed and sieved (<2 mm) to reduce the heterogeneity. 
Soil N transformations were determined using a15N tracing study com-
bined with a new 15N tracing model. In line with field operation, three N 
fertilizer treatments with three replicates were carried out in acidic and 
alkaline soils: (1) U, (2) NI, (3) NUI. Urea with 10.16 atom % 15N was 
applied at a rate of 40 mg N kg � 1 soil (oven-dry basis); DMPP and NBPT 
were applied at a rate of 0.4 mg kg� 1 soil (oven-dry basis, 1% of urea-N 
weight). For each soil, a series of 250-mL Erlenmeyer flasks was pre-
pared with 20 g (oven-dry basis) of fresh soil. After pre-incubation at 25 
�C for 1 day, 2 mL solution containing urea (or with DMPP/DMPP þ
NBPT) was applied evenly to the flasks. Soil was adjusted to 100% water 
filed pore space (WFPS) based on the environment when base fertilizer 
was applied, and incubated in the dark at 25 �C for 96 h. The flasks were 
covered with cling film with needle holes to maintain aeration, and 
water was added daily to compensate for evaporative losses. Soil was 
extracted for 1 h with 2 M KCl at 4, 24, 48 and 96 h after urea addition. 
Soil inorganic nitrogen (NH4

þ and NO3
� ) in the extracts were quantified 

by continuous flow analysis (SANþþ, Skalar, Netherlands). The NH4
þ and 

NO3
� in the extracts were separated by micro-diffusion with MgO and 

Devarda’s alloy, and absorption by oxalic acid (Zhu et al., 2019). Iso-
topic compositions of NH4

þ and NO3
� were determined by using an 

isotope ratio mass spectrometer (Europa Scientific Integra, Crewe, UK). 
Soil pH was determined in a 1:5 soil/water (w/w) mixture by a DMP- 

2 mV/pH detector (Quark Ltd, Nanjing, China). Soil organic carbon 
(SOC) was measured by wet-digestion with H2SO4–K2Cr2O7, and total 
nitrogen (TN) of soil and plant was measured using the combustion 
method with a FlashEA 1112 elemental analyzer (Thermo Finnigan, 
Germany). 

2.4. 15N tracing model NtraceUrea 

A new 15N tracing model was developed to quantify the gross N 
transformation rates in this study. Based on the NtraceBasic model (Müller 
et al., 2007) the new 15N tracing model (NtraceUrea) contains an 

additional submodel for the analysis of the dynamics of ammoniacal N. 
According to Sherlock and Goh (1985) the model includes an interme-
diate aqueous NH3/NH4

þ (NHx) pool, i.e. urea hydrolysis is feeding into 
this intermediate pool for NH3 and/or transfer to NH4

þ (Fig. 1). The 
model considers eight N pools, i.e. urea, NH4

þ, NO3
� , adsorbed NH4

þ

(NH4
þ

ads), labile soil organic N (Nlab), recalcitrant soil organic N (Nrec), 
intermediate aqueous NH3/NH4

þ (NHx) and volatilized NH3 (NH3loss) 
pools, and fourteen simultaneously occurring N transformations rates, i. 
e. urea hydrolysis (Hu), NH3 volatilization (VNH3), mineralization of 
recalcitrant organic N to NH4

þ (MNrec), mineralization of labile organic N 
to NH4

þ (MNlab), immobilization of NH4
þto recalcitrant organic N 

(INH4Nrec), immobilization of NH4
þ to labile organic N (INH4Nlab), immo-

bilization of NO3
� (INO3), oxidation of recalcitrant organic N to NO3

�

(ONrec), oxidation of NH4
þ to NO3

� (ONH4), dissimilatory NO3
� reduction to 

NH4
þ (DNO3), adsorption of NH4

þ on cation exchange sites (ANH4), release 
of adsorbed NH4

þ (RNH4a), and conversion between NH4
þ and NH3 

(CNH4/NH3) (Fig. 1). Optimization algorithm routines and metropolis 
decisions used in the NtraceUrea model were identical to the NtraceBasic 
model (Müller et al., 2007). The 15N excess values and N concentrations 
(averages � standard deviations) of NH4

þ and NO3
� measured in the 15N 

tracing experiment were supplied to the model. The gross rates of N 
transformations were calculated by simultaneously optimizing the ki-
netic parameters for the various N transformations by minimizing the 
misfit between modelled and observed data. For more details see Müller 
et al. (2007). 

2.5. Calculations and statistical analyses 

The fertilizer N use efficiency (NUE) was expressed as the recovery of 
the applied 15N in plants (Eq. (1)). 

NUE  ð%Þ  ¼
CN  Plants � AN  plants �W

CNf � ANf
� 100 (1)  

where CN plants was the N concentration in rice plant (g kg� 1), AN plants 
was the atom % 15N excess of plant N (%), W was the weight of plant 

Fig. 1. NtraceUrea model used to calculate gross rates of soil N transformations 
in the present study. This model considers eight N pools, i.e. urea, NH4

þ, NO3
� , 

adsorbed NH4
þ (NH4

þ
ads), labile soil organic N (Nlab), recalcitrant soil organic N 

(Nrec), intermediate aqueous NH3/NH4
þ (NHx) and volatilized NH3 (NH3loss) 

pools, and fourteen simultaneously occurring N transformations rates, i.e. the 
rates of urea hydrolysis (Hu), NH3 volatilization (VNH3), mineralization of 
recalcitrant organic N to NH4

þ (MNrec), mineralization of labile organic N to NH4
þ

(MNlab), immobilization of NH4
þto recalcitrant organic N (INH4Nrec), immobili-

zation of NH4
þ to labile organic N (INH4Nlab), immobilization of NO3

� (INO3), 
oxidation of recalcitrant organic N to NO3

� (ONrec), oxidation of NH4
þ to NO3

�

(ONH4), dissimilatory NO3
� reduction to NH4

þ (DNO3), adsorption of NH4
þ on 

cation exchange sites (ANH4), release of adsorbed NH4
þ (RNH4a), and conversion 

between NH4
þ and NH3 (CNH4/NH3). 
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(kg), CN f is the total amount of N fertilizer applied into the micro-plots 
(g), ANf was the atom % 15N excess of N fertilizer (%). 

The N remains in the soil (0–20 cm) were calculated by Eq. (2). 

N  remains  in  soil  ð%Þ¼
CN soil � AN soil � ρ� S � h

CNf � ANf
� 100 (2)  

where CN soil was the total N concentrations of soil (g kg� 1), AN soil was 
the atom % 15N excess of total N in soil (%), ρ was soil bulk density (kg 
m� 3), S is the area of the micro-plot (m2), h was depth of the soil samples 
(m), CNf was the total amount of N fertilizer applied into the micro-plots 
(g), AN f was the atom % 15N excess of the N fertilizer (%). 

N losses were calculated by 15N balance (Eq. (3)).  

N loss (%) ¼ 100 - NUE (%)-N remains in soil (%)                               (3) 

The N apparent efficiency (%) was calculated by Eq. (4). 

N  apparent  efficiency  ð%Þ¼ Nuptake1 � Nuptake2

Total applied N fertilizer
� 100 (4)  

where Nuptake1 was the total N uptake by crops in each N applied treat-
ment (kg), Nuptake2 was the total N uptake by crops in control (no N 
fertilizer applied) (kg). 

The combined N transformation rates were calculated as follows 
(Eqs. (5) and (6)):  

Total gross N mineralization rate (M) ¼ MNlab þ MNrec                         (5)  

Total gross NH4
þ immobilization rate (INH4) ¼ INH4-Nlab þ INH4-Nrec         (6) 

Because the NH3 volatilization and coupled nitrification- 
denitrification were the major pathways of N loss in rice systems, 
VNH3 þ ONH4 represented the potential risk of N loss (PRL) in the studied 
soils (Eq. (7)).  

PRL ¼ VNH3 þ ONH4                                                                   (Eq. 7) 

One-way ANOVA was used to test the differences in rice yield, 

biomass, total N uptake, N apparent efficiency, the NUE and gross rates 
of soil N transformations among N stabilizers treatments, based on the 
averages and standard deviations of gross rates of soil N transformation, 
and the actual experimental repetitions. The least significant differences 
at the 5% significance level (LSD0.05) were calculated for each N trans-
formation rate according to Müller et al. (2011). The t-test was used to 
examine the difference in rice yield, biomass, total N uptake, N apparent 
efficiency, the NUE, and the N loss of base fertilizer and topdressing in 
the same treatment between two sites. 

3. Results 

3.1. Concentrations and 15N enrichments 

The modelled and observed concentrations and 15N enrichments of 
NH4
þ and NO3

� generally agreed well (R2 > 0.95) (Fig. 2). There were 
significant differences in the concentrations and 15N enrichments of 
NH4
þ and NO3

� between the two studied soils and among different N 
stabilizers treatments within the same soil. In general, the concentra-
tions and 15N enrichments of NH4

þ increased rapidly at the beginning of 
the incubation for both soils, thereafter decreased rapidly in alkaline 
soil, while, the decline was much more gradual in acidic soil (Fig. 2a,c). 
Similarly, the increase in the concentrations and 15N enrichments of 
NO3
� in alkaline soil was much more rapid than in acidic soil (Fig. 2b, d). 

Nitrification inhibitor significantly delayed the decline of NH4
þ concen-

trations, while NUI delayed both the peak value and peak time of NH4
þ

concentrations, compared to U in alkaline soil (Fig. 2a). In acidic soil, 
NH4
þ concentrations in the NI and NUI were not significantly different to 

the U treatment. 

3.2. Gross N transformation rates 

The average gross rate of autotrophic nitrification (ONH4) in the U 
treatment was 5.23 mg N kg� 1 d� 1 and 15.75 mg N kg� 1 d� 1in acidic 
and alkaline soil, respectively. In acidic soil ONH4 reduced by 46% to 

Fig. 2. Measured (point) and modelled (line) of concentration of NH4
þ (a) and NO3

� (b), and 15N abundance of NH4
þ (c) and NO3

� (d) in studied soils during the 
incubation. FJ, acidic soil collected from Fujian province; SC, alkaline soil collected from Sichuan province. U, urea application; NI, urea applied with nitrification 
inhibitor; NUI, urea applied with nitrification inhibitor and urease inhibitor. 
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2.81 mg N kg� 1 d� 1and 43% to 2.97 mg N kg� 1 d� 1 after application of 
NI and NUI respectively. In alkaline soil, ONH4 reduced only in response 
to NI by 44% to 8.82 mg N kg� 1 d� 1 while NUI had no significant effect. 
The average gross rate of NH3 volatilization (VNH3) in the U treatment 
was 2.66 mg N kg� 1 d� 1 and 4.38 mg N kg� 1 d� 1 in acidic and alkaline 
soil, respectively. In comparison to the control (U), NI and NUI increased 
VNH3 by 77%, and 51% in acidic soil. In alkaline soil, NI in comparison to 
U increased VNH3 by 68% but NUI reduced VNH3 to 1.86 mg N kg� 1 d� 1 

(i.e. by 58% of the control). The application of N stabilizers, either NI or 
NUI, did not affect the average gross rates of urea hydrolysis (Hu) in both 
studied soils. The potential risk of N loss (PRL) was significantly lower in 
acidic than alkaline soil. In addition, there was no significant difference 
in PRL among U, NI and NUI treatments in acidic soil. However, in 
alkaline soil, PRL was reduced under NI and NUI compared to U 
(Table 2). The ONrec, DNO3, ANH4, RNH4a, and CNH4/NH3 were all very low 
in both soils (data not shown). 

In comparison to the average rates, the instantaneous rates of soil N 
transformations determined by NtraceUrea presented the actual dynamics 

more realistically (e.g. Hu, VNH3, ONH4) during the incubation (Fig. 3). 
The Hu rapidly declined shortly after urea application, and the NUI 
could significantly reduce Hu within the first 5 h in both studied soils 
compared to U (Fig. 3a). The ONH4 remained more or less unchanged for 
all the N stabilizer treatments in acidic soil, while for alkaline soil, ONH4 
increased and reached peak values at about 5 h in U and NI and at about 
20 h in NUI, before it declined rapidly. Both NI and NUI reduced ONH4 in 
acidic soil during the whole incubation (Fig. 3b). For alkaline soil, the NI 
reduced ONH4 throughout the entire incubation period. However, NUI 
reduced ONH4 only within the first 20 h, and thereafter increased and 
gradually exceeded the rate under U, explaining the non-significant 
response of the average ONH4 to NUI in alkaline soil. The VNH3 
increased and reached peak values at about 5 h, then rapidly declined in 
all treatments of both soils (Fig. 3c). The NI increased VNH3 in acidic soil 
during the whole incubation, while VNH3 was stimulated only within the 
first 40 h in response to NUI compared to U. In alkaline soil, NI stimu-
lated VNH3 with peak values at approx. 5 h, then rapidly declined to the 
level of U, while NUI significantly reduced VNH3 (to 1.86 mg N kg� 1 d� 1) 

Table 2 
Gross rates of soil N transformations in different treatments in two studied soils (mean � SD, mg N kg� 1 d� 1).    

M INH4 ONH4 INO3 Hu VNH3 PRL 

Acidic U 2.57 � 0.17Ab 0.00 � 0.00Ab 5.23 � 0.02Ab 0.00 � 0.00Bb 5.61 � 0.64Ab 2.66 � 0.19Bb 7.89 � 0.19Ab 
NI 1.79 � 0.08Bb 0.00 � 0.00Ab 2.81 � 0.03Bb 0.24 � 0.04Aa 4.89 � 0.36Ab 4.71 � 0.74Ab 7.52 � 0.74Ab 
NUI 1.79 � 0.09Bb 0.00 � 0.00Ab 2.97 � 0.05Bb 0.00 � 0.00Bb 4.57 � 0.60Ab 4.01 � 0.42Ab 6.98 � 0.42Ab 

Alkaline U 6.77 � 0.12Aa 0.11 � 0.02Ba 15.75 � 0.17Aa 0.08 � 0.01Ba 8.89 � 0.24Aa 4.38 � 0.15Ba 20.13 � 0.23Aa 
NI 3.29 � 0.05Ca 0.25 � 0.02Aa 8.82 � 0.04Ba 0.15 � 0.02Ab 8.67 � 0.70Aa 7.34 � 0.31Aa 16.16 � 0.31Ba 
NUI 5.76 � 0.30Ba 0.10 � 0.02Ba 15.09 � 0.61Aa 0.07 � 0.01Ba 9.39 � 0.38Aa 1.86 � 0.40Ca 16.95 � 0.73Ba 

U, urea application; NI, urea applied with nitrification inhibitor; NUI, urea applied with nitrification inhibitor and urease inhibitor. M, the gross N mineralization rate; 
INH4, the gross immobilization of NH4

þ rate; ONH4, the gross oxidation of NH4
þ to NO3

� rate; INO3, the gross immobilization of NO3- rate; Hu, the rates of urea hydrolysis 
VNH3, the gross NH3 volatilization rate; NN, net nitrification rate; PRL, potential risk of N loss that was calculated as ONH4 þ VNH3. Different capital letters indicate there 
is significant difference among different N stabilizers treatments in same soil (P < 0.05). Different lowercase letters indicate there is significant difference between 
different soils in same treatment (P < 0.05). 

Fig. 3. The instantaneous rates of urea hydrolysis (Hu) (a), autotrophic nitrification (ONH4) (b), and NH3 volatilization (VNH3) (c). FJ, acidic soil collected from Fujian 
province; SC, alkaline soil collected from Sichuan province. U, urea application; NI, urea applied with nitrification inhibitor; NUI, urea applied with nitrification 
inhibitor and urease inhibitor. 
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within the first 20 h in comparison to U (4.38 mg N kg� 1 d� 1). 

3.3. The effectiveness of N stabilizers on rice yield and NUE under field 
conditions 

In accordance with the laboratory results, the NH4
þ concentration in 

soil solution rapidly decreased to <1 mg L� 1 within 15 days in alkaline 
soil after N fertilizer application, while acidic soil retained a higher NH4

þ

concentration level for more than 40 days (Fig. 4a, c). The NO3
� con-

centration in soil solution was always very low, indicating that coupled 
nitrification-denitrification might occur under field conditions (Fig. 4b, 
d). Similarly, the NI could significantly delay the decline of NH4

þ con-
centration, while NUI delayed both the peak value and peak time of NH4

þ

concentration, compared to U in alkaline soil (Fig. 4c). However, in 
acidic soil, the NI and NUI in comparison to U did not significantly affect 
the NH4

þ concentrations (Fig. 4a). 
Our results showed that in the unfertilized control no significant 

differences in the rice yield, biomass and total N uptake between acidic 
and alkaline soils were obtained (Fig. 5). However, in all N fertilizer 
treatments, significantly higher values were obtained in acidic 
compared to the alkaline soil (Fig. 5). Thus, the apparent N efficiency 
was significantly higher in acidic than in alkaline soil (Fig. 5d). There 
were no significant responses of rice yield, biomass, total N uptake, and 
apparent N efficiency to NI and NUI in acidic soil. However, in alkaline 
soil, the rice biomass, total N uptake, and apparent N efficiency in NI 
were significantly higher than those in U (Fig. 5). The highest rice yield, 
biomass, total N uptake, and apparent N efficiency were determined 
after NUI application in alkaline soil. 

Similarly, the results of the 15N tracing experiment in micro-plots 
showed that the NUE in U was significantly higher in acidic soil than 

in alkaline soil, which was also reflected in the N losses being signifi-
cantly lower in acidic than in alkaline soil (Fig. 6). Both NI and NUI 
significantly enhanced NUE and reduced N losses in alkaline soil. There 
were no significant differences in NUE and N loss in NI and NUI between 
acidic and alkaline soils. The potential risk of N loss were significantly 
and negatively correlated with NUE (P < 0.05), but were positively 
correlated with N loss from plant-soil systems in alkaline soil (P < 0.05). 

4. Discussion 

The results of this study showed that the effectiveness of NI and NUI 
on rice yield, and NUE were highly dependent on the soil pH, being only 
significant in alkaline soil (but not in acidic soil). The application of NI 
or NUI extended the NH4

þ residence time, and reduced the potential N 
loss (ONH4þVNH3), which improved the matching relationship between 
soil available N and rice N form preference in alkaline soil but not in 
acidic soil. These results highlighted the mechanisms for the pH 
dependence of the effectiveness of NIs or NUIs on rice yield, NUE and N 
losses in rice systems. 

4.1. Effects of N stabilizers on gross rates of NH3 volatilization and 
nitrification 

Since NH3 volatilization and coupled nitrification-denitrification 
were the major pathways of N loss in rice systems with rice being a 
NH4
þ preference plant (Coskun et al., 2017; Ismunadji and Dijkshoorn, 

1972; Zhu and Chen, 2002). Thus, measures which could effectively 
reduce the rate of nitrification and NH3 volatilization, i.e. the potential 
risk of N loss, should enhance the soil available N. Our results showed 
that the application of NI (DMPP used in this study) effectively reduced 

Fig. 4. Dynamics of NH4
þ and NO3

� in soil solutions after rice transplanted into soil under field conditions a. dynamics of NH4
þ in acidic soil; b. dynamics of NO3

� in 
acidic soil; c. dynamics of NH4

þ in alkaline soil; d. was dynamics of NO3
� in alkaline soil. CK, no N application; U, urea application; NI, urea applied with nitrification 

inhibitor; NUI, urea applied with nitrification inhibitor and urease inhibitor. 
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average gross nitrification rate by 2.42 mg N kg� 1 d� 1, and 6.93 mg N 
kg� 1 d� 1, accounting to 46%, and 44% of the control, in acidic and 
alkaline soils, respectively. This result suggested that the relative inhi-
bition by DMPP on nitrification rate was similar between acidic and 
alkaline soil. Thus, DMPP is likely an effective nitrification inhibitor in 
different agriculture soils in China. 

Both NI and NUI increased average gross NH3 volatilization rates in 
acidic soil, but there was no significant difference between NI and NUI 
(Table 2). In alkaline soil, NI also increased the average gross rate of NH3 
volatilization to 7.34 mg N kg� 1 d� 1, while, it was reduced to 1.86 mg N 
kg� 1 d� 1 in NUI, (i.e. 58% reduced in comparison with the control). Soil 
pH was a key factor affecting NH3 volatilization. Low pH soil conditions 
are not favorable for NH3 volatilization which has been shown before 
(Ni et al., 2014; Soares et al., 2012). However, here we show that the 
application of NIs can increase average gross NH3 volatilization by 77% 
of the control in acidic soil. Possibly, the pH increase during urea hy-
drolysis around the fertilizer granule (Sherlock and Goh, 1984) and the 
long residence time of NH4

þ increased the potential risk of NH3 volatil-
ization in acidic soil (Soares et al., 2012). Thus, the potential risk of N 
loss (nitrification þ NH3 volatilization) was significantly reduced by NIs 
in alkaline soil, but not in acidic soil, suggesting that the beneficial effect 
of NIs in decreasing coupled nitrification-denitrification in rice systems 
is likely be offset by an increase in NH3 volatilization, especially in 
acidic soil. 

We also tested if the combined effect of urease and nitrification in-
hibitors (NUIs) can simultaneously reduce nitrification and NH3 vola-
tilization rates. The responses of average gross rates of NH3 
volatilization and nitrification to NUIs were different between acidic 
and alkaline soils, while it significantly reduced the average NH3 

volatilization rate in alkaline soil, it had a stimulating effect in acidic 
soil. The main reason was the delay of NH4

þ production shortly after urea 
application and the relative short residence time of NH4

þ related to large 
nitrification rate in alkaline soil compared to the rate in acidic soil 
(Fig. 2a). 

The results of the nitrification dynamics in alkaline soil showed that 
the application of NUIs reduced nitrification rate only within about 20 h, 
after that it became larger than the control treatment until the end of the 
incubation. So, in alkaline soil, the NUIs only temporarily enhance 
nitrification rates while the average rate during the experiment was not 
affected. Although the NH4

þ production through urea hydrolysis was 
delayed by NUIs, the residence time of NH4

þwas prolonged, making NH4
þ

more accessible to nitrifiers in comparison to U. Thus, the potential risk 
of N loss (nitrification þ NH3 volatilization) could be effectively reduced 
by NUIs in alkaline soil, but not in acidic soil. 

The responses of NH4
þ concentration in soil solution under field 

conditions were consistent with the observed gross N transformation 
rates. The application of NIs and NUIs could effectively delay the decline 
of NH4

þ concentration and reduce the potential risk of N loss in alkaline 
soil, but not in acidic soil, explaining also the different effectiveness of N 
stabilizers on NUE. 

4.2. The effectiveness of N stabilizers on rice yield and NUE 

We showed that NIs and NUIs had no effect on rice yield, NUE and N 
loss in acidic soil, but caused a significant response in alkaline soil, 
which is consistent with results of meta-analyses (Linquist et al., 2013; 
Yuan et al., 2014). With the 15N tracing approach used in this study we 
can explain the potential mechanisms underlying this phenomenon. For 

Fig. 5. Rice yield (a), biomass (b), total N uptake (c) and N apparent efficiency (d) in different N stabilizer treatment in FJ and SC. FJ, acidic soil collected from 
Fujian province; SC, alkaline soil collected from Sichuan province. CK, no N application; U, urea application; NI, urea applied with nitrification inhibitor; NUI, urea 
applied with nitrification inhibitor and urease inhibitor. Different capital letters indicate there is significant difference among different N stabilizers treatments in 
same soil (P < 0.05). Different lowercase letters indicate there is significant difference between different soils in same treatment (P < 0.05). 
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example, the residence time of NH4
þ was longer in acidic soil than 

alkaline soil facilitating N uptake of rice, a NH4
þ preference crop 

(Ismunadji and Dijkshoorn, 1972; Sun et al., 2015). Thus, the rice yield 
and NUE would be higher in acidic soil than in alkaline soil, as seen by 
our results. This pH controlled behavior can also explain the effective-
ness of NIs and NUIs to rice yield, and NUE, which were only significant 
in alkaline soil. 

The rice yield in the NUI treatment increased by 1240 kg ha� 1, which 
at a local price of $0.37 kg� 1, could increase the income by $458.8 ha-1 

compared to the control. Taking into account the NUI cost ($51.8 ha-1), a 
net benefit of $407 ha� 1 remains. Given that only two paddy soils and 
one-season field trials were investigated, results of the present study 
should only be conservatively extrapolated. More rigorous testing of pH 
gradients under different field conditions and various seasons is needed. 
Nevertheless, these results provide a scientific basis for recommenda-
tions on how to apply NIs or NUIs in rice production. Taken together, the 
key of a suitable management technique is how it improves the matching 
relationship of soil N supply and plant N form preference. Ultimately, 
the effectiveness of N stabilizers will govern the effect on crop yield, and 
NUE. 
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