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Abstract
Purpose Nitrogen (N) fertilizer placement in bands is a widely accepted agricultural practice to increase N use efficiency. An
excessive ammonium concentration in a fertilizer band can increase osmotic stress on ammonia oxidizers and potentially affect
nitrification and resultant nitrous oxide (N2O) emissions, which is of great significance for soil function and climate change. The
objectivity of this study was to identify the effects of excessive ammonium concentration on N2O emissions and ammonia
oxidizers in two agricultural soils.
Materials and methods In this study, we established a 56-day soil microcosm receiving a series of high concentrations of urea at
600, 900, and 1200 mg N kg−1 (termed as N600, N900, and N1200, respectively), which simulated high ammonium levels in the
center or proximity of a fertilizer band in two types of agricultural soils (fluvo-aquic soil and anthrosol). The mineral N
concentrations, net nitrification rate, and N2O emissions were measured during the incubation. In addition, the abundances of
bacterial and archaeal amoAwere determined by using real-time quantitative PCR.
Results and discussion Urea fertilization simultaneously increased the net nitrification rate and N2O emission at the early
stage of incubation in both soils, suggesting N2O production was mainly from ammonia oxidation. Ammonia oxidizing
bacteria (AOB) but not archaea (AOA) abundance was stimulated following urea fertilization and was positively correlated
with N2O emission, indicating the dominant role of AOB in ammonia oxidation and N2O production in fertilized soils. The
cumulative N2O emission was significantly higher in N1200 and N900 than N600 in both soils, but no further increase was
observed in N1200 in the anthrosol. This implies restricted N2O production of ammonia oxidizers at excessive ammonium
concentrations in the anthrosol. In the two soils treated with no N addition, the abundances of AOA amoA increased along
the incubation time.
Conclusions The present study collectively suggested that excessive urea-N addition was more effective in inhibiting N2O
emission in the anthrosol than in the fluvo-aquci soil. AOB rather than AOA dominated the soil nitrification and N2O emissions
under high N addition in both soils. The band fertilization regime may reduce the loss of N fertilizer from nitrification without
necessarily increasing N2O emissions.
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1 Introduction

Band application of ammonium-based fertilizer, such as urea,
has been widely used to promote nitrogen use efficiency
(NUE) and crop yields (Grant et al. 2011; Chen et al. 2016).
Compared to the broadcast application, the banded placement
of urea could enhance winter wheat yield by 12.5–15.4%
(Chen et al. 2016). A marked feature of band fertilization is
the resulting excessive ammonium concentrations in some
areas of the soil, usually near a plant. In a newly fertilized
band, ammonium concentrations can reach several hundred
to more than 2000 mg N kg−1 (Angus et al. 2014; Venterea
et al. 2015; Deppe et al. 2016), which would impose high
osmotic stress on soil microbes and could potentially lead to
a shift in the composition and activity of the soil microbial
community (Angus et al. 2014), including soil nitrifiers. The
band application of ammonium-based N fertilizers could in-
hibit the soil nitrifying microorganisms due to the toxic effect
of high ammonium concentration in the fertilizer band (Engel
et al. 2010; Hartmann et al. 2015).

Nitrification is a critical step in global N cycling, which con-
verts ammonia (NH3) to nitrate (NO3

−) via nitrite (NO2
−).

Ammonia oxidation is the first and rate-limiting step of nitrifi-
cation, which is primarily performed by ammonia oxidizing
archaea (AOA) and bacteria (AOB) in the terrestrial system
(Leininger et al. 2006; Norton and Stark 2011; Prosser and
Nicol 2012; Yang et al. 2013; Zhang et al. 2015) despite a recent
report of complete nitrification by Nitrospira bacteria (Daims
et al. 2015). In an agricultural system, however, the nitrification
process can significantly reduce NUE by conversion of ammo-
nium to nitrate and increase nitrous oxide (N2O) production,
either as a direct product of ammonia oxidation or by providing
nitrate for denitrification (Butterbach-Bahl et al. 2013).

N2O is a potent greenhouse gas with a global warming
potential 298 times higher than carbon dioxide (CO2) (IPCC
2007; Di and Cameron 2016). Agricultural soils are widely
accepted as the major sources of N2O, accounting for approx-
imately 65% of the total N2O emissions (Ma et al. 2015;Wang
et al. 2016b). The application of chemical N fertilizers, such as
urea and ammonium sulfate, is an important cause of en-
hanced N2O emissions in agricultural systems (Cui et al.
2013; Lin et al. 2017). In general, the N2O emission was
positive correlated with additional rate of urea-N (Huang
et al. 2014; Van and Maeda, 2018). However, in a microcosm
incubation, Deppe et al. (2017) found that N2O emission de-
creased with increasing N addition within the range of 450 to
5000 mg NH4

+–N kg−1 soil, and soil nitrification was
completely blocked under 5000 mg NH4

+–N kg−1 soil. It
has been suggested that soil N2O emission is mainly contrib-
uted by nitrification in the soils under aerobic conditions with
< 70% water-filled pore space (WFPS) (Ma et al. 2015; Liu
et al. 2016a; Wang et al. 2016a; Hink et al. 2017), while
denitrification is more important in N2O production with

higher WFPS (Bateman and Baggs 2005). While, in an incu-
bation experiment with 600–1200 mg bovine urine-N kg−1

soil, the N2O emission was significantly and positively corre-
lated with soil NO2

− (Venterea et al. 2015). Nitrification-
derived N2O emission is from enzymatic production by
AOB (Kozlowski et al. 2014), and biotic or abiotic reaction
associated with AOA (Stieglmeier et al. 2014). Compared to
AOA, the AOB produces higher yields of N2O when oxidiz-
ing the same amount of ammonium (Hink et al. 2017).

There is evidence for the niche specialization of ammonia
oxidizers driven by ammonium concentration, in addition to
other environmental factors including soil pH (Nicol et al.
2008; Offre et al. 2009; Zhang et al. 2012; Lu and Jia 2013;
Xi et al. 2017), temperature (Tourna et al. 2008), and water
content (Wang et al. 2015, 2017). AOB activity is generally
considered to be favored at high ammonium concentrations,
while AOA appear to grow better with low ammonium supply
through slow mineralization of organic matter (Di et al. 2009;
Verhamme et al. 2011; Carey et al. 2016; Xiang et al.
2017; Tzanakakis et al. 2018). Therefore, it is commonly ob-
served that AOB rather than AOA activity is stimulated in
agricultural soils following ammonium-based fertilization
(Jia and Conrad 2009; Xia et al. 2011; Ouyang et al. 2016).
However, an excessive ammonium concentration in the soil
solution will increase osmotic stress and may cause a negative
impact on ammonia oxidizers and the consequent nitrification
activity (Bello et al. 2019). Indeed, studies have revealed the
inhibition of AOA by a high level of NH4

+–N (> 5 mM), and
additionally, AOB did not respond positively to the increased
concentration (Ouyang et al. 2017). An incubation experiment
conducted by Acton and Baggs (2010), who reported that soil
nitrification decreased with increasing from 360 to 1400
NH4

+–N kg−1 soil. This potential “toxic effect” from high
ammonium concentrations (Sui et al. 2014) could limit the
nitrifier activity and related processes, including N2O produc-
tion, in agricultural soils and be the underlying reason for
enhanced NUE by band fertilization.

The objective of this study was to investigate the effect of
excessive ammonium concentrations on the ammonia oxi-
dizers in the soil and the consequent nitrification and N2O
emissions in two contrasting agricultural soils. We hypothe-
size that (a) AOB rather than AOAwould dominate nitrifica-
tion and N2O emissions following urea fertilization and (b)
excessive concentrations of urea-N will limit the nitrification
and resultant N2O emission in the two soils.

2 Materials and methods

2.1 Site description and soil samples

The two soils used in this study were collected from Jiangyan
County (JY) in Jiangsu Province (32° 24′ N, 120° 05′ E) and
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Guangde County (GD) in Anhui Province (31° 01′N, 119° 26′
E), respectively; both are located in the middle and lower
reaches of the Yangtze River, China. The average annual tem-
peratures of JY and GD are 14.0 and 15.4 °C, and the mean
annual precipitations are 990 and 1330mm, both respectively.
Rice-wheat rotation is the dominating cropping system in the
both sites, whereas the soils at the JYand GD sites are classi-
fied as fluvo-aquic soil and anthrosol, respectively, according
to Chinese Soil Taxonomy (Cooperative Research Group on
Chinese Soil Taxonomy, 2001). Soils were collected from the
0–20 cm soil layer by mixing ten random cores, which were
then air-dried and passed through a 2.0-mm sieve. The basic
properties of the two soils are shown in Table S1 (Electronic
Supplementary Material – ESM).

2.2 Soil microcosm incubation

Soil microcosms were conducted in 120-ml serum bottles
containing 20 g of soil (oven-dry equivalent). The soil sam-
ples were pre-incubated at 25 °C in the dark for one week to
stabilize the soil microbial community at 40% water-filled
pore space (WFPS). After pre-incubation, all the samples were
adjusted to 60% WFPS by adding water or a urea solution.
Four treatments with three replicates were conducted by
amending 0, 600, 900, and 1200 mg urea-N kg−1 in dry soil
into the soil and were termed as N0, N600, N900, and N1200,
respectively. The concentrations used in this study represent
different N levels in a fertilizer band after dilution due to
diffusion and plant uptake (Venterea et al. 2015; Deppe et al.
2016, 2017). The serum bottles were covered with polyethyl-
ene film with five pin holes to allow free air exchange and
were incubated at 25 °C in the dark for 8 weeks. Distilled
water was added every 3 or 4 days to maintain the soil mois-
ture at 60% WFPS if necessary.

2.3 N2O sampling and analysis

Twenty-four serum bottles (2 soil types × 4 treatments × 3
replicates) were set up for gas sampling. Three replicate gas
samples were from each treatment were collected from the
serum bottles kept for the 56 days of incubation. Gas sampling
was performed after 1, 2, 4, 7, 10, 14, 17, 21, 28, 42, and 56
days. Prior to gas sampling, the headspace air in the bottle was
thoroughly flushed with ambient air. The serum bottles were
then capped immediately with silicone rubber stoppers and
incubated for 5 h at 25 °C in the dark. Gas samples of 20 ml
were taken from the headspace of bottles using 20-ml syrin-
ges. After gas sampling, the rubber stoppers were removed
and polyethylene films were replaced to recover the bottle.
The concentrations of N2O were determined using a gas chro-
matograph (Agilent 7890A, Agilent technologies, CA, USA)
while the N2O emission rate was calculated by the difference
between 0 and 5 h (He et al. 2016; Liu et al. 2016a). A

cumulative N2O emission was calculated according to the
equation reported by He et al. (2016) as follows:

F ¼ ρ� V
A

� Δc
Δt

� 273

273þ T

E ¼ ∑
Fi þ Fiþ1

2
� tiþ tiþ 1ð Þ

where F is the N2O emission rate (μg N kg−1 h−1), ρ is the
density of N2O under the standard state (1.25 kg m−3), V is the
headspace volume of serum bottle (m3), A is the area of serum

bottle (m2), Δc
Δt is the change in N2O concentration between the

incubation times of 0 and 5 h, and T is the incubation temper-
ature (°C). E is the cumulative emission of N2O (μg N kg−1),
and Fi and Fi+1 are the N2O emission rates at times of ti and ti+
1, respectively.

2.4 Soil sampling and analysis

The samples for each treatment were destructively collected in
triplicate on days 0, 7, 14, 21, 28, 42, and 56 for inorganic N
and soil pH measurements. In total, 168 bottles (2 soil types ×
4 treatments × 3 replicates × 7 sampling points) were pre-
pared. Subsamples of 2 g soils on days 0, 7, 28, and 56 were
collected and stored at − 80 °C for DNA extraction. A total of
4 g of each soil (on a dry weight basis) was shaken with 20 ml
of 2 M KCl solution in 100-ml centrifuge tubes for 1 h. The
suspensions were then filtered through Whatman No. 42 pa-
pers. The NH4

+–N, and NO2
− plus NO3

−–N concentrations
were measured on a continuous flow analyzer (Skalar
SAN++, The Netherland). Soil pH (soil/water = 1:2.5) was
measured with a pH detector.

The net nitrification rate (n) was calculated according to the
equation suggested by Shi et al. (2016).

n dt1−dt2ð Þ ¼ NO2
– plus NO3

–−Nð Þdt2− NO2
– plus NO3

–−Nð Þdt1
t

where (NO2
−– plus NO3

−–N)dt1 is the soil NO2
−– plus

NO3
−–N concentration at days t1, (NO2

−– plus NO3
−–N)dt2

is the concentration of NO2
−– and NO3

−–N at days t2, and t is
the days between dt2 and dt1.

2.5 DNA extraction and quantification by real-time
quantitative PCR

Soil DNAwas extracted from 0.5 g of soil using the FastDNA
SPIN kit for soil (MP Biomedicals, CA, USA) according to
the manufacturer’s protocol. Total soil DNA concentration
was determined using a NanoDrop spectrophotometer
(NanoDrop Technologies, DE, USA).

The quantification of AOA and AOB amoA copies was
determined using CrenamoA23F/CrenamoA-2R and amoA-
1F/amoA-2R (Zhao et al. 2015), respectively. The qPCR
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was performed on a CFX96 Optical Real-Time Detection
System (Bio-Rad Laboratories, CA, USA). Each 20-μl reac-
tion mixture included 10 μl 2 × SYBR Premix Ex Taq (Takara
Biotechnology, Shiga, Japan), 0.5 μM of each primer, 1 μl of
DNA template, and 8 μl of deionized water. Extracted DNA
was dilutedmultiple times to test the potential inhibition of the
PCR by a humic substance, and 10-fold diluted DNA was
used as the qPCR template. The standard curves were gener-
ated using the known copy numbers of plasmid DNA contain-
ing AOA or AOB amoA. For all assays, the amplification
efficiencies ranged from 90 to 105% and R2 ranged from
0.996 to 0.999.

2.6 Data analysis

The statistical analysis was performed using the SPSS 19.0
software for Windows (IBM Co., Armonk, NY, USA). One-
way analysis of variance (ANOVA) was conducted to assess
the significant difference in the means of N2O emissions, soil
inorganic N concentration, net nitrification rate, and amoA
abundances among treatments for each soil, followed by the
least significant difference (LSD) test at a 5% level.
Correlations between amoA abundances and soil inorganic

N concentration or N2O emission rate were assessed by the
Pearson’s correlation procedure.

3 Results

3.1 Soil N2O emission

The N2O emission rates were generally low (0.01–0.08 μg N
kg−1 h−1) in the N0 treatment without N fertilization (Fig. 1 a
and b). The emission rates of N2O were significantly stimu-
lated upon urea fertilization and higher in the fluvo-aquic soil
than in the anthrosol (p < 0.05). It is noted that in the fluvo-
aquic soil, the lag period before the emission rate peaked was
longest in N1200, followed by N900 and N600. The N2O
emission rate in fertilized treatments dropped to the same level
as N0 at the incubation endpoint, except for N1200 where the
emission rate was still higher than N0. In the anthrosol, the
same trend was observed, wherein N1200 required more time
to reach the maximum N2O emission rate than N600 and
N900 after the addition of urea.

The fertilization of urea significantly increased the cumu-
lative N2O emissions in both soils following the 56-day
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Fig. 1 Changes in the N2O emission rate (a, b) and cumulative N2O
emissions (c, d) during 56-day incubation in the fluvo-aquic soil (a, c)
and the anthrosol (b, d) fertilized with urea at different concentrations.

N0, N600, N900, and N1200 represent urea concentrations of 0, 600,
900, and 1200 mg N kg−1 soil, respectively. Data are the means with
standard deviations (n = 3)
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incubation, compared to the N0 treatment (Fig. 1 c and d). In
the fluvol-aquic soil, the cumulative N2O emission increased
with increasing addition rate of urea-N (p < 0.05). In the
anthrosol, the cumulative N2O emission was significantly
higher in N900 and N1200 than in the N600 treatment.
However, no significant difference was observed in the cumu-
lative N2O emission between the N900 and N1200 treatments;
cumulative N2O emission was significantly higher in the
fluvo-aquic soil than in the anthrosol.

3.2 Soil inorganic nitrogen and net nitrification rate

The soil NH4
+ concentration was low (6.9–11.0 mg N kg−1)

in the N0 treatment throughout the incubation (Fig. 2 a and
b). Due to rapid hydrolysis of urea, the soil NH4

+–N con-
centrations significantly increased following urea fertilization
and decreased with time in both soil types. In the fluvo-aquic
soil, the NH4

+ decreased sharply after day 7, reaching to the
same level with N0 treatment after 21, 28, and 56 days for
N600, N800, and N1200, respectively (Fig. 2a). On the other
hand, NH4

+ concentrations decreased more gradually in the
anthrosol with urea addition and were always higher than in
the N0 treatment throughout incubation (Fig. 2b).
Nevertheless, a similar trend was observed wherein the

NH4
+ concentrations in the anthrosol were highest in

N1200, followed by N800 and N600 during the incubation
period after day 7 (Fig. 2b).

For the both soils, higher levels of urea fertilization led to
significantly higher production of soil NO2

− and NO3
−–N at

the end of 56-day incubation (p < 0.05) (Fig. 2c, d). In the
anthrosol, the soil NO2

− and NO3
−–N concentration was low-

er in the N1200 than in the N600 and N900 during the first 28
days of incubation, indicating that soil nitrification was partly
inhibited by addition of 1200 mg urea-N kg–1 soil. For the
fluvo-aquic soil, urea addition increased the net nitrification
rate at the interval of d0–d7 and d7–d14, compared to the N0
treatment (Table 1). For the anthrosol, the net nitrification rate
decreased from 2.40 to − 0.02mg kg−1 soil day−1 with increas-
ing urea-N rate from 600 to 1200 mg kg−1 at the interval of
d0–d7. At the later stage of incubation (d28–d56), no signif-
icant difference was found in the net nitrification rate among
the fertilized treatments.

3.3 Abundances of AOA and AOB

In the present study, the abundances of AOA and AOB
responded differently to high urea-N addition (Fig. 3).
Following the 56-day incubation, the AOA abundances
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slightly increased in the fluvo-aquic soil in the N0 and N600
treatments but remained at the same level at day 0 in N900 and
N1200 (Fig. 3a). In the anthrosol, the AOA abundances sig-
nificantly increased only in the N0 treatment without fertiliza-
tion but remained at the same level in N600 and significantly
decreased (p < 0.05) in N900 and N1200 (Fig. 3b).

The AOB abundances, in contrast, significantly increased
following urea fertilization compared to the N0 treatment (Fig.
3 c and d). However, no significant differences were observed
between different levels of nitrogen fertilization in both soils.
The AOB/AOA ratios ranged from 0.32 to 2.79 and from 0.28
to 46.02 in the fluvo-aquic and paddy soils, respectively (Fig.
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Table 1 Net nitrification rate during incubation for 56 days in the fluvo-aquic soil and the anthrosol fertilized with urea at different concentrations

Soils Time intervals Net nitrification rates (mg kg−1 soil day−1)

N0 N600 N900 N1200

Fluvo-aquic soil d0~d7 2.51 ± 0.57 c 62.93 ± 4.75 b 73.10 ± 0.89 a 74.14 ± 0.79 a

d7~d14 (− 0.33) ± 0.09 c 16.73 ± 5.55 b 23.78 ± 8.64 a 25.25 ± 1.85 a

d14~d28 0.52 ± 0.41 b (− 6.05) ± 1.90 c (− 1.50) ± 2.51 b 3.16 ± 3.09 a

d28~d56 0.33 ± 0.28 b (− 0.02) ± 1.11 b (− 0.64) ± 0.25 b 3.11 ± 2.15 a

Anthrosol d0~d7 1.09 ± 0.02 b 2.40 ± 0.11 a 1.19 ± 0.22 b (− 0.02) ± 0.18 c

d7~d14 0.79 ± 0.04 c 9.38 ± 0.65 a 9.84 ± 0.50 a 2.59 ± 0.89 b

d14~d28 0.65 ± 0.10 c 7.64 ± 0.22 b 9.06 ± 1.07 a 9.09 ± 0.67 a

d28~d56 0.19 ± 0.06 b 2.96 ± 1.96 a 3.70 ± 1.46 a 4.26 ± 0.09 a

N0, N600, N900, and N1200 represent urea concentrations of 0, 600, 900, and 1200 mgN kg−1 soil, respectively. Different lowercase letters in the same
row indicate significant difference at p < 0.05. Data are the means with standard deviations (n = 3)
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S2 – ESM). The addition of urea significantly increased the
AOB/AOA ratios in the both soils.

3.4 Relationships between nitrification and N2O
emissions with ammonia oxidizer abundance

A significant positive relationship was observed between ni-
trite and nitrate concentration and AOB abundance in fertil-
ized soils (p < 0.05), whereas nitrite and nitrate concentration
were negatively correlated with AOA abundance (Table S2 -
ESM). Similarly, in both soils following urea fertilization, the
N2O emission rate was positively correlated to AOB but not to
AOA abundance (Fig. 4 a and b).

4 Discussion

The results of the present study showed that in the initial stage
of incubation, an increase in N2O emission was primarily due
to the nitrification process in both soils under our aerobic
microcosm incubation; this was strongly indicated by the con-
currence of enhanced nitrification rates and N2O emissions

following urea addition (Table 1; Fig. 1). Other pathways,
represented by denitrification, might have also contributed to
the N2O production in our soils but were unlikely to be dom-
inant under our aerobic incubation condition. A previous
study has conducted similar microcosm incubations in an ag-
ricultural soil under 60% WFPS and revealed negligible N2O
production derived from denitrification (Hink et al. 2017). In
the present study, soils were also incubated under 60%WFPS
condition, favorable for aerobic nitrification but not ideal for
anaerobic denitrifier activity (Bateman and Baggs 2005;
Avrahami et al. 2002; Hu et al. 2015a; Liu et al. 2016b).
Nitrifier denitrification is also an important pathway in the
production of soil N2O (Wrage et al. 2001). In the fluvo-
aquic soil, N600 treatment still maintained a high level of
N2O emission but had a low NH4

+ concentration in the days
14–28, indicating that the N2O production maybe through
nitrifier denitrification in this study. High-level addition of
urea-N usually leads to an accumulation of NO2

− and then
increases the soil N2O emission produced by nitrifier denitri-
fication (Venterea et al. 2015; He et al. 2016). Ma et al. (2015)
reported that in a fluvo-aquic soil, addition of urea-N inhibited
transformation of NO2

− to NO3
− and stimulated the
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accumulation of NO2
–, thus resulting in an increase in N2O

emission. Therefore, the soil N2O may be derived from
coupled nitrification and denitrification in our incubation ex-
periment. However, further studies would be needed to assess
the contribution of NO2

− to N2O emission by using 15N tracer
method.

Our study further displayed niche differentiation of archae-
al and bacterial ammonia oxidizers for N2O emissions. At the
N0 condition without urea addition, both soils appeared to
show AOA rather than AOB activities, as the AOA abun-
dances increased with the incubation time while the abun-
dances of AOB remained unchanged throughout the incuba-
tion time (Fig. 3). This is consistent with the previous revela-
tion of high AOA activity in soils where NH4

+ being limited
and derived mainly from mineralization of soil organic N (Di
et al. 2010a, b; Cui et al. 2013; Ouyang et al. 2016;Wang et al.
2016a, b; Guo et al. 2017; Hink et al. 2018). However, fol-
lowing the urea addition, only AOB growth was induced,
which supports previous studies on agricultural soils (Jia and
Conrad 2009; Di et al. 2010a; Xia et al. 2011; Dai et al. 2013;
Shen et al. 2014; Zhang et al. 2017). Our results therefore
strongly suggested that AOB played a dominant role in am-
monia oxidation and N2O production under urea-amended
conditions and was further demonstrated by a positive and
significant correlation between AOB abundance and the
N2O emission rate (Fig. 4; Table S2 - ESM). This niche dif-
ferentiation of active ammonia oxidizers by different NH4

+

concentrations resulted in different consequences of N2O
emission in soils, as AOA and AOB are the major N2O source
under the N limited condition and those following urea supply,
respectively.

A higher concentration of urea would potentially lead to
more N2O production from ammonia oxidizers, i.e., AOB, in
our soils (Mahmood and Prosser 2006; Di and Cameron
2011). However, for the anthrosol, there was no significant
difference in the cumulative N2O emission between the
N900 and N1200 treatments (Fig. 1d), indicating that factors
other than N availability should have limited N2O production
under high ammonium concentration. One possible explana-
tion is the high osmotic stress imposed by the excessive am-
monium concentration in the soil, which might affect the en-
zymatic kinetics of AOB. This is supported by a more delayed
emergence of the maximum N2O emission rate observed in
soils receiving a higher concentration of urea (Fig. 1 a and b).
Another one maybe that high NH4

+ concentration is toxic to
soil nitrifiers (Deppe et al. 2017), thus resulting in a lower
N2O emission in N1200 than in N600 and N900 at the early
stage of incubation. The enzymatic production of N2O by
AOB could be suppressed by excessive levels of N addition
at the early stages of incubation, similar to a previous study
(Van and Maeda 2018) and apparently relieved with decreas-
ing ammonium concentration at a later stage. Additionally,
some AOB can adapt to the increasing soil NH4

+

concentration (Yang et al. 2013). Previous study has showed
that we should not rule out the potential competition of AOA
for N2O production in soils receiving less fertilization input.
For instance, the AOA abundance was higher in N600 com-
pared to both N900 and N1200, implying its potential activity
in N600. Since the AOA yields less N2O than AOB by
converting the same amount of ammonia (Hink et al. 2017),
the significantly less N2O emissions in N600 compared to
both the N900 and N1200 regimes could be the consequence
of competition for NH4

+ from AOA in ammonia oxidation.
This could particularly be the case in the anthrosol, as the
production of nitrite and nitrate occurred at similar rate be-
tween differently fertilized microcosms.

Our results further revealed that the net nitrification rate
increased with increasing the concentration of urea addition
in the fluvo-aquic soil at the first 14 days of incubation
(Table 1). However, in the anthrosol, higher level of N addition
(N1200) decreased the net nitrification rate over 28-day incu-
bation. This indicates a potentially high retention ratio of urea-
derived ammonium not oxidized to nitrate in the early stage of
incubation. Despite the gradients in urea-N concentration
(600–1200 mg N kg−1) applied to the soils, the nitrification
rate was not drastically stimulated by the maximum urea sup-
ply. Particularly, in the anthrosol, the net nitrification rate con-
tinued at the same rate among the urea addition treatments at
the later stage of incubation (d28–d56). The reason maybe that
the active ammonia oxidizers in this soil might reach the max-
imum specific cell activity in oxidizing ammonia with suffi-
cient ammonium (Prosser and Nicol 2012), limiting the nitri-
fication rate in the anthrosol. This might explain the high NUE
in a fertilized band of the agricultural field (Grant et al. 2001;
Pfab et al. 2012), wherein the nitrification rate no longer in-
creased with excessively high ammonium supply, resulting in a
high proportion of the fertilizers being utilized in the form of
ammonium by plant and other soil organisms. The transferabil-
ity of microcosm incubation to field condition is limited
(Venterea et al. 2015; Deppe et al. 2017). Because the urea-N
content is a distinct gradient under the incubation condition,
but it is a continuous gradient in the field due to diffusion and
uptake by plant. In addition, the temperature and water content
are constant in the microcosm incubation, whereas they are
dynamic under the field condition.

It is noted that the nitrification and cumulative N2O emis-
sion were much higher in the fluvo-aquic soil than in the
anthrosol following the urea addition (Table 1; Fig. 1 c and
d), and this difference in nitrification activity should be deter-
mined by soil physicochemical properties (Yao et al. 2013;
Shen et al. 2014; Hu et al., 2015b), thus affecting the soil
N2O emission. Among all soil characteristics, soil pH seems
to be a major factor determining the distribution and activity
of ammonia oxidizers (Shen et al. 2012; Hu et al. 2014; Jiang
et al. 2015; Li et al. 2018). Dai et al. (2014) reported that the
soil nitrification was dependent on initial soil pH in an
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incubation experiment. In the present study, the fluvo-aquic
soil and anthrosol were neutral and acidic in their native states,
respectively (Table S1 - ESM). The soil nitrification capacity
was higher in the soil with higher pH than that in the acid soil
(Shen et al. 2014; Jiang et al. 2015; Wang et al. 2015). Yuan
et al. (2005) reported that fluvo-aquic soil had a higher nitri-
fication potential than permeable anthrosol. In an microcosm
incubation with 150 mg NH4

+–N kg soil, Wang et al. (2016a)
found that the cumulative N2O emission was higher from the
alluvial soil (pH = 7.8) than that from the red soil (pH = 6.2).
Previous studies have shown that higher ratios of AOA to
AOB abundances lowered the soil pH (Yao et al. 2013; Hu
et al. 2014; Xi et al. 2017), with dominant AOA activities
were constantly revealed in acidic soils, while AOB dominat-
ed the soil nitrification in the neutral-alkaline and N-rich soils
(Zhang et al. 2012; Lu and Jia 2013; Jiang et al. 2015; Liu
et al. 2015; Li et al. 2018). Due to the rapid hydrolysis of urea,
the soil pH reached a peak value at the early stage of incuba-
tion (Fig. S1 - ESM), which would, therefore, favor AOB. In a
microcosm experiment, Venterea et al. (2015) found that ad-
dition of bovine urine at 1200 mg N kg–1, soil pH increased
from 5.3 to 7.5 at first 2 days of incubation. We speculate that
the composition as well as physiological traits of active AOB
are distinct in these two soils due to long-term adaptation to
the different in situ pH conditions. Future experiments relying
on phylogenetic analysis should be conducted to test this hy-
pothesis. Furthermore, a meta-analysis of 713 soil samples
from Scotland conducted by Yao et al. (2013), who found that
soil type also played an important role in shaping specific
niches of ammonia-oxidizers. In our study, the AOAwas neg-
atively affected by high N addition in the anthrosol, but was
not in the fluvo-aquic soil.

5 Conclusions

The present results showed the potential effect of the band
fertilization regime on soil nitrification and N2O emission.
The simulated high ammonium concentrations in the present
study would be common in the center or in proximity to the
area under band fertilization. Despite that fact that ammonium-
based fertilization would inevitably boost the soil nitrification,
the resultant N2O production does not necessarily increase
with more input of ammonium-based fertilizers due to in-
creased osmotic stress likely restricting ammonia oxidizer ac-
tivity. Compared to the N0 treatment, the AOB abundance was
enhanced by addition of N fertilizer, except for that in day 7 in
the anthrosol, whereas the growth of AOAwas not affected or
decreased by high addition of urea-N. There was a delay for
peak N2O emission under the high N fertilizer addition in the
both soils. The results from the present study indicated that
AOB rather than AOA dominated the soil nitrification and
N2O emissions in the agricultural soils treated with high N

addition. We demonstrate, in this study, the great potential of
the band fertilization regime with regard to soil fertility and
greenhouse gas emissions from a microbiological perspective
and encourage further investigation into this trending agricul-
tural management system.

Acknowledgments This study is financially supported by the National
Key Research and Development Plan of China (2016YFD0200804,
2016YFD0200102), the Natural Science Foundation for Youths of
Zhejiang Province (LQ19C150005), and the Major Scientific and
Technological Project of Zhejiang Province (2015C02013).

References

Acton SD, Baggs EM (2010) Interactions between N application rate,
CH4 oxidation and N2O production in soil. Biogeochemistry 103:
15–26

Avrahami S, Conrad R, Braker G (2002) Effect of soil ammonium con-
centration on N2O release and on the community structure of am-
monia oxidizers and denitrifiers. Appl Environ Microbiol 68:5685–
5692

Angus JF, Gupta VVSR, Pitson GD, Good AJ (2014) Effects of banded
ammonia and urea fertiliser on soil properties and the growth and
yield of wheat. Crop Pasture Sci 65:337–352

Bateman EJ, Baggs EM (2005) Contributions of nitrification and denitri-
fication to N2O emissions from soils at different water-filled pore
space. Biol Fertil Soils 41:379–388

Bello MO, Thion C, Gubry-Rangin C, Prosser JI (2019) Differential
sensitivity of ammonia oxidising archaea and bacteria to matric
and osmotic potential. Soil Biol Biochem 129:184–190

Butterbach-Bahl K, Baggs EM, Dannenmann M, Kiese R, Zechmeister-
Boltenstern S (2013) Nitrous oxide emissions from soils: how well
do we understand the processes and their controls? Philos Trans R
Soc Lond Ser B Biol Sci 368:20130122

Carey CJ, Dove NC, Beman JM, Hart SC, Aronson EL (2016) Meta-
analysis reveals ammonia-oxidizing bacteria respond more strongly
to nitrogen addition than ammonia-oxidizing archaea. Soil Biol
Biochem 99:158–166

Chen Z, Wang H, Liu X, Liu Y, Gao S, Zhou J (2016) The effect of N
fertilizer placement on the fate of urea-15N and yield of winter wheat
in Southeast China. PLoS One 11:e0153701

Cooperative Research Group on Chinese Soil Taxonomy (2001)
Cooperative Research Group on Chinese Soil Taxonomy. Sciences
Press, Beijing, China and New York, United States of America,
Chinese Soil Taxonomy

Cui P, Fan F, Yin C, Li Z, Song A, Wan Y, Liang Y (2013) Urea- and
nitrapyrin-affected N2O emission is coupled mainly with ammonia
oxidizing bacteria growth in microcosms of three typical Chinese
arable soils. Soil Biol Biochem 66:214–221

Dai Y, Di HJ, Cameron KC, He JZ (2013) Effects of nitrogen application
rate and a nitrification inhibitor dicyandiamide on ammonia oxi-
dizers and N2O emissions in a grazed pasture soil. Sci Total
Environ 465:125–135

Dai Z, Wang Y, Muhammad N, Yu X, Xiao K, Meng J, Liu X, Xu J,
Brookes PC (2014) The effects and mechanisms of soil acidity
changes, following incorporation of biochars in three soils differing
in initial pH. Soil Sci Soc Am J 78:1606–1614

Daims H, Lebedeva EV, Pjevac P, Han P, Herbold C, Albertsen M,
Jehmlich N, Palatinszky M, Vierheilig J, Bulaev A, Kirkegaard
RH, von Bergen M, Rattei T, Bendinger B, Nielsen PH, Wagner
M (2015) Complete nitrification by Nitrospira bacteria. Nature
528:504–509

1510 J Soils Sediments (2020) 20:1502–1512



Deppe M, Well R, Giesemann A, Spott O, Flessa H (2017) Soil N2O
fluxes and related processes in laboratory incubations simulating
ammonium fertilizer depots. Soil Biol Biochem 104:68–80

Deppe M, Well R, Kücke M, Fuß R, Giesemann A, Flessa H (2016)
Impact of CULTAN fertilization with ammonium sulfate on field
emissions of nitrous oxide. Agric Ecosyst Environ 219:138–151

Di HJ, Cameron KC (2011) Inhibition of ammonium oxidation by a
liquid formulation of 3,4-Dimethylpyrazole phosphate (DMPP)
compared with a dicyandiamide (DCD) solution in six new
Zealand grazed grassland soils. J Soils Sediments 11:1032–1039

Di HJ, Cameron KC, Shen JP, Winefield CS, O'Callaghan M, Bowatte S,
He JZ (2010a) Ammonia-oxidizing bacteria and archaea grow under
contrasting soil nitrogen conditions. FEMSMicrobiol Ecol 72:386–
394

Di HJ, Cameron KC, Shen JP, Winefield CS, O’CallaghanM, Bowatte S,
He JZ (2009) Nitrification driven by bacteria and not archaea in
nitrogen-rich grassland soils. Nat Geosci 2:621–624

DiHJ, CameronKC, Sherlock RR, Shen JP, He JZ,Winefield CS (2010b)
Nitrous oxide emissions from grazed grassland as affected by a
nitrification inhibitor, dicyandiamide, and relationships with
ammonia-oxidizing bacteria and archaea. J Soils Sediments 10:
943–954

Engel R, Liang DL, Wallander R, Bembenek A (2010) Influence of urea
fertilizer placement on nitrous oxide production from a silt loam soil.
J Environ Qual 39:115–125

Di HJ, Cameron KC (2016) Inhibition of nitrification to mitigate nitrate
leaching and nitrous oxide emissions in grazed grassland: a review. J
Soils Sediments 16:1401-1420

Grant CA, Brown KR, Racz GJ, Bailey LD (2001) Influence of source,
timing and placement of nitrogen on grain yield and nitrogen remov-
al of durum wheat under reduced- and conventional-tillage manage-
ment. Can J Plant Sci 81:17-27

Grant CA, Derksen DA, McLaren DL, Irvine RB (2011) Nitrogen fertil-
izer and urease inhibitor effects on canola seed quality in a one-pass
seeding and fertilizing system. Field Crop Res 121:201–208

Guo J, Ling N, Chen H, Zhu C, Kong Y,WangM, Shen Q, Guo S (2017)
Distinct drivers of activity, abundance, diversity and composition of
ammonia-oxidizers: evidence from a long-term field experiment.
Soil Biol Biochem 115:403–414

Hartmann TE, Yue S, Schulz R, He X, Chen X, Zhang F, Müller T (2015)
Yield and N use efficiency of a maize–wheat cropping system as
affected by different fertilizer management strategies in a farmer's
field of the North China Plain. Field Crop Res 174:30–39

He L, Zhao X, Wang S, Xing G (2016) The effects of rice-straw biochar
addition on nitrification activity and nitrous oxide emissions in two
Oxisols. Soil Tillage Res 164:52–62

Hink L, Gubry-Rangin C, Nicol GW, Prosser JI (2018) The consequences
of niche and physiological differentiation of archaeal and bacterial
ammonia oxidisers for nitrous oxide emissions. ISME J 12:1084–
1093

Hink L, Nicol GW, Prosser JI (2017) Archaea produce lower yields of
N2O than bacteria during aerobic ammonia oxidation in soil.
Environ Microbiol 19:4829–4837

Hu B, Liu S, Wang W, Shen L, Lou L, Liu W, Tian G, Xu X, Zheng P
(2014) pH-dominated niche segregation of ammonia-oxidising mi-
croorganisms in Chinese agricultural soils. FEMS Microbiol Ecol
90:290–299

Huang T, Gao B, Hu XK, Lu X, Well R, Christie P, Bakken LR, Ju XT
(2014) Ammonia-oxidation as an engine to generate nitrous oxide in
an intensively managed calcareous Fluvo-aquic soil. Sci Rep 4:3950

Hu HW, Macdonald CA, Trivedi P, Holmes B, Bodrossy L, He JZ, Singh
BK (2015b) Water addition regulates the metabolic activity of am-
monia oxidizers responding to environmental perturbations in dry
subhumid ecosystems. Environ Microbiol 17:444–461

HuHW, Chen D, He JZ (2015a)Microbial regulation of terrestrial nitrous
oxide formation: understanding the biological pathways for predic-
tion of emission rates. FEMS Microbiol Rev 39:729–749

IPCC (2007) Climate change (2007) the physical science basis.
Contribution of working group I to the fourth assessment report of
intergovernmental panel on climate change. Geneva, Switzerland,
IPCC Secretariat

Jia Z, Conrad R (2009) Bacteria rather than Archaea dominate microbial
ammonia oxidation in an agricultural soil. Environ Microbiol 1:
1658–1671

Jiang X, Hou X, Zhou X, Xin X,Wright A, Jia Z (2015) pH regulates key
players of nitrification in paddy soils. Soil Biol Biochem 81:9–16

Kozlowski JA, Price J, Stein LY (2014) Revision of N2O-producing
pathways in the ammonia-oxidizing bacterium Nitrosomonas
europaea ATCC 19718. Appl Environ Microbiol 80:4930–4935

Leininger S, Urich T, Schloter M, Schwark L, Qi J, Nicol GW, Prosser JI,
Schuster SC, Schleper C (2006) Archaea predominate among
ammonia-oxidizing prokaryotes in soils. Nature 442:806–809

Li YY, Chapman SJ, Nicol GW, Yao HY (2018) Nitrification and nitri-
fiers in acidic soils. Soil Biol Biochem 116:290–301

Lin Y, DingW, Liu D, He T, Yoo G, Yuan J, Chen Z, Fan J (2017) Wheat
straw-derived biochar amendment stimulated N2O emissions from
rice paddy soils by regulating the amoA genes of ammonia-
oxidizing bacteria. Soil Biol Biochem 113:89–98

Liu R, Hayden H, Suter H, He JZ, Chen DL (2015) The effect of nitrifi-
cation inhibitors in reducing nitrification and the ammonia oxidizer
population in three contrasting soils. J Soils Sediments 15:1113–
1118

Liu R, Hayden HL, Suter H, Hu H, Lam SK, He J, Mele PM, Chen D
(2016a) The effect of temperature and moisture on the source of
N2O and contributions from ammonia oxidizers in an agricultural
soil. Biol Fertil Soils 53:141–152

Liu R, Hu HW, Suter H, Hayden HL, He JZ, Mele P, Chen DL (2016b)
Nitrification is a primary driver of nitrous oxide production in lab-
oratory microcosms from different land-use soils. FrontMicrobiol 7:
1373

Lu L, Jia Z (2013) Urease gene-containing Archaea dominate autotrophic
ammonia oxidation in two acid soils. Environ Microbiol 15:1795–
1809

Ma L, Shan J, Yan X (2015) Nitrite behavior accounts for the nitrous
oxide peaks following fertilization in a fluvo-aquic soil. Biol Fertil
Soils 51:563–572

Mahmood S, Prosser JI (2006) The influence of synthetic sheep urine on
ammonia oxidizing bacterial communities in grassland soil. FEMS
Microbiol Ecol 56:444–454

Van NTH, Maeda M (2018) Interactive effects of ammonium application
rates and temperature on nitrous oxide emission from tropical agri-
cultural soil. Soil Sci Plant Nutr 64:767–773

Nicol GW, Leininger S, Schleper C, Prosser JI (2008) The influence of
soil pH on the diversity, abundance and transcriptional activity of
ammonia oxidizing archaea and bacteria. Environ Microbiol 10:
2966–2978

Norton JM, Stark JM (2011) Regulation and measurement of nitrification
in terrestrial systems. Methods Enzymol 486:343–368

Offre P, Prosser JI, Nicol GW (2009) Growth of ammonia-oxidizing
archaea in soil microcosms is inhibited by acetylene. FEMS
Microbiol Ecol 70:99–108

Ouyang Y, Norton JM, Stark JM, Reeve JR, Habteselassie MY (2016)
Ammonia-oxidizing bacteria are more responsive than archaea to
nitrogen source in an agricultural soil. Soil Biol Biochem 96:4–15

Ouyang Y, Norton JM, Stark JM (2017) Ammonium availability and
temperature control contributions of ammonia oxidizing bacteria
and archaea to nitrification in an agricultural soil. Soil Biol
Biochem 113:161–172

Pfab H, Palmer I, Buegger F, Fiedler S, Müller T, Ruser R (2012)
Influence of a nitrification inhibitor and of placed N-fertilization

J Soils Sediments (2020) 20:1502–1512 1511



on N2O fluxes from a vegetable cropped loamy soil. Agric Ecosyst
Environ 150:91–101

Prosser JI, Nicol GW (2012) Archaeal and bacterial ammonia-oxidisers in
soil: the quest for niche specialisation and differentiation. Trends
Microbiol 20:523–531

Shen JP, Zhang LM,DiHJ, He JZ (2012)A review of ammonia-oxidizing
bacteria and archaea in Chinese soils. Front Microbiol 3:296

Shen JP, Zhang LM, He JZ (2014) Contrasting response of nitrification
capacity in three agricultural soils to N addition during short-term
incubation. J Soils Sediments 14:1861–1868

Shi XZ, Hu HW, He JZ, Chen DL, Suter HC (2016) Effects of 3,4-
dimethylpyrazole phosphate (DMPP) on nitrification and the abun-
dance and community composition of soil ammonia oxidizers in
three land uses. Biol Fertil Soils 52:927–939

Stieglmeier M, Mooshammer M, Kitzler B, Wanek W, Zechmeister-
Boltenstern S, Richter A, Schleper C (2014) Aerobic nitrous oxide
production through N-nitrosating hybrid formation in ammonia-
oxidizing archaea. ISME J 8:1135–1146

Sui Q, Liu C, Dong H, Zhu Z (2014) Effect of ammonium nitrogen
concentration on the ammonia-oxidizing bacteria community in a
membrane bioreactor for the treatment of anaerobically digested
swine wastewater. J Biosci Bioeng 118:277–283

Tourna M, Freitag TE, Nicol GW, Prosser JI (2008) Growth, activity and
temperature responses of ammonia-oxidizing archaea and bacteria
in soil microcosms. Environ Microbiol 10:1357–1364

Tzanakakis VA, Apostolakis A, Nikolaidis NP, Paranychianakis NV
(2018) Ammonia oxidizing archaea do not respond to ammonium
or urea supply in an alkaline soil. Appl Soil Ecol 132:194–198

Verhamme DT, Prosser JI, Nicol GW (2011) Ammonia concentration
determines differential growth of ammonia-oxidising archaea and
bacteria in soil microcosms. ISME J 5:1067–1071

Venterea RT, Clough TJ, Coulter JA, Breuillin-Sessoms F (2015)
Ammonium sorption and ammonia inhibition of nitrite-oxidizing
bacteria explain contrasting soil N2O production. Sci Rep 5:12153

Wang B, Zhao J, Guo Z, Ma J, Xu H, Jia Z (2015) Differential contribu-
tions of ammonia oxidizers and nitrite oxidizers to nitrification in
four paddy soils. ISME J 9:1062–1075

Wang Q, Liu YR, Zhang CJ, Zhang LM, Han LL, Shen JP, He JZ (2017)
Responses of soil nitrous oxide production and abundances and
composition of associated microbial communities to nitrogen and
water amendment. Biol Fertil Soils 53:601–611

Wang Q, Zhang LM, Shen JP, Du S, Han LL, He JZ (2016a) Nitrogen
fertiliser-induced changes in N2O emissions are attributed more to
ammonia-oxidising bacteria rather than archaea as revealed using 1-
octyne and acetylene inhibitors in two arable soils. Biol Fertil Soils
52:1163–1171

Wang Q, Zhang LM, Shen JP, Du S, Han LL, He JZ (2016b) Effects of
dicyandiamide and acetylene on N2O emissions and ammonia oxi-
dizers in a fluvo-aquic soil applied with urea. Environ Sci Pollut Res
23:23023–23033

Wrage N, Velthof GL, van Beusichem ML, Oenema O (2001) Role of
nitrifier denitrification in the production of nitrous oxide. Soil Biol
Biochem 33:1723–1732

Xi R, Long XE, Huang S, Yao HY (2017) pH rather than nitrification and
urease inhibitors determines the community of ammonia oxidizers
in a vegetable soil. AMB Express 7:129

Xia W, Zhang C, Zeng X, Feng Y, Weng J, Lin X, Zhu J, Xiong Z, Xu J,
Cai Z, Jia Z (2011) Autotrophic growth of nitrifying community in
an agricultural soil. ISME J 5:1226–1236

Xiang X, He D, He JS, Myrold DD, Chu H (2017) Ammonia-oxidizing
bacteria rather than archaea respond to short-term urea amendment
in an alpine grassland. Soil Biol Biochem 107:218–225

Yang J, Li X, Xu L, Hu F, Li H, LiuM (2013) Influence of the nitrification
inhibitor DMPP on the community composition of ammonia-
oxidizing bacteria at microsites with increasing distance from the
fertilizer zone. Biol Fertil Soils 49:23–30

Yao HY, Campbell CD, Chapman SJ, Freitag TE, Nicol GW, Singh BK
(2013) Multi-factorial drivers of ammonia oxidizer communities:
evidence from a national soil survey. Environ Microbiol 15:2545–
2556

Yuan F, Ran W, Shen Q, Wang D (2005) Characterization of nitrifying
bacteria communities of soils from different ecological regions of
China by molecular and conventional methods. Biol Fertil Soils 41:
22–27

Zhang LM, Hu HW, Shen JP, He JZ (2012) Ammonia-oxidizing archaea
have more important role than ammonia-oxidizing bacteria in am-
monia oxidation of strongly acidic soils. ISME J 6:1032–1045

Zhang MM, Alves RJE, Zhang DD, Han LL, He JZ, Zhang LM (2017)
Time-dependent shifts in populations and activity of bacterial and
archaeal ammonia oxidizers in response to liming in acidic soils.
Soil Biol Biochem 112:77–89

Zhang Y, Chen LJ, Dai TJ, Sun RH, Wen DH (2015) Ammonia manip-
ulates the ammonia-oxidizing archaea and bacteria in the coastal
sediment-water microcosms. Appl Microbiol Biotechnol 99:6481–
6491

Zhao J, Wang B, Jia Z (2015) Phylogenetically distinct phylotypes mod-
ulate nitrification in a paddy soil. Appl EnvironMicrobiol 81:3218–
3227

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1512 J Soils Sediments (2020) 20:1502–1512


	Restricted nitrous oxide emissions by ammonia oxidizers in two agricultural soils following excessive urea fertilization
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Site description and soil samples
	Soil microcosm incubation
	N2O sampling and analysis
	Soil sampling and analysis
	DNA extraction and quantification by real-time quantitative PCR
	Data analysis

	Results
	Soil N2O emission
	Soil inorganic nitrogen and net nitrification rate
	Abundances of AOA and AOB
	Relationships between nitrification and N2O emissions with ammonia oxidizer abundance

	Discussion
	Conclusions
	References


