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Abstract
N2O fluxes as a function of incubation time from soil with different available N contents and pH were determined. Cumulative carbon
dioxide (CO2) emissions were measured to indicate soil respiration. A 144-hr incubation experiment was conducted in a slightly acidic
agricultural soil (pHH2O 5.33) after the pH was adjusted to four different values (3.65, 5.00, 6.90 and 8.55). The experiments consisted of
a control without added N, and with NH+4 -N and NO−3 -N fertilization. The results showed that soil pH contributed significantly to N2O
flux from the soils. There were higher N2O emissions in the period 0–12 hr in the four pH treatments, especially those enhanced with N-
fertilization. The cumulative N2O-N emission reached a maximum at pH 8.55 and was stimulated by NO−3 -N fertilization (70.4 µg/kg).
The minimum emissions appeared at pH 3.65 and were not stimulated by NO−3 -N or NH+4 -N fertilization. Soil respiration increased
significantly due to N-fertilization. Soil respiration increased positively with soil pH (R2 = 0.98, P < 0.01). The lowest CO2-C emission
(30.2 mg/kg) was presented in pH 3.65 soils without N-fertilization. The highest CO2-C emissions appeared in the pH 8.55 soils for
NH+4 -N fertilization (199 mg/kg). These findings suggested that N2O emissions and soil respiration were significantly influenced by
low pH, which strongly inhibits soil microbial nitrification and denitrification activities. The content of NO−3 -N in soil significantly and
positively affected the N2O emissions through denitrification.

Key words: N2O emission; nitrification; denitrification; pH; soil respiration
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Introduction

Nitrous oxide (N2O) is of environmental importance be-
cause it contributes not only to global warming but also
to the depletion of the stratospheric ozone layer. The
global warming potential of N2O is approximately 296
times greater than that of carbon dioxide. Furthermore, the
atmospheric concentration of N2O is increasing linearly at
a rate of 0.3% per year (IPCC, 2007).

N2O is produced by nitrification (Bremner and Black-
mer, 1978) and denitrification (Firestone et al., 1980).
The contributions of nitrification and denitrification to the
formation of N2O depend on the environmental conditions.
Soil pH has a significant influence on biological processes
involved in N transformation, e.g., nitrification and denitri-
fication (Barton et al., 2013). The soil pH appears to play
a key role in controlling N2O emissions from soil, partly
by affecting the N2O product ratios of both denitrification
(N2O/N2) and nitrification (N2O/(NO−2+NO−3 ) (Mørkved et
al., 2007). Autotrophic nitrification is an essential process
in N2O production in arable soil (Tortoso and Hutchinson,

* Corresponding author. E-mail: wanglf2003@hotmail.com (Lianfeng
Wang); xilin.zhang@yahoo.com.cn (Xilin Zhang)

1990). Enrichment of acid heath soils with nitrogen-
phosphorus-potassium fertilizer increased the number of
autotrophic ammonium- and nitrite-oxidizing bacteria in
the organic layer, although the pH of the soil hardly
changed with fertilization (de Boer et al., 1988). However,
some investigations suggest that a heterotrophic pathway,
including bacteria and fungi, may make some contribution
to nitrification in acid soils (de Boer and Kowalchuk, 2001;
Brierley and Wood, 2001). It is generally thought that fungi
are predominant in acid soils and bacteria are more domi-
nant at higher soil pH (Bååth and Anderson, 2003). Raising
soil pH increased ammonia-oxidizing bacteria gene copy
numbers (Barton et al., 2013). Reduction of N2O to
dinitrogen (N2) by denitrification is a prevailing natural
process in soils. Soil pH significantly regulates the extent
to which N2O is reduced to N2 via denitrification (Stevens
et al., 1998). High pH favors NO−2 -N accumulation, and
will stimulate N2O emissions, with NO−2 -N as electron
acceptor in nitrification. However, low pH will strongly
inhibit the activity of N2O reduction. That results in the
increase of the ratio of N2O to N2 during denitrification.

In China, the long-term high level of N-fertilization
leads to soil acidification and a great number of negative
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environmental effects, including nitrate leaching pollution
and nitrous oxide greenhouse gas emission (Ju et al., 2009;
Guo et al., 2010). Soil acidification is a major problem
in soils of intensive Chinese agricultural systems. Soil
pH declined significantly from the 1980s to the 2000s in
the major Chinese crop-production areas, with an average
pH decline of 0.50 based on 154 agricultural topsoil
determinations (Guo et al., 2010). In our previous report,
soil pHH2O in N-fertilized black soil was found to be
significantly reduced from 7.22 in 1979 to 6.11 in 2007,
with a decrease rate of 0.07 pH units per year (Cai et
al., 2010). In recent decades, one of the main forms of
black soil degradation has been soil acidification (Cai et al.,
2010; Guo et al., 2010). Unsuitable agricultural practices
together with adverse environmental conditions have led
to the the degradation of soil in many areas of China.

The objective of the present study was to investigate
the effects of adjusted artificially soil pH on N2O emis-
sions and soil microbial activities in short-term laboratory
incubation. N2O production processes were analyzed ac-
cording to N2O emission amount and available N content.

1 Materials and methods

1.1 Soil descriptions

Soil samples were collected from a long-term experimental
field in Harbin State Key Agroecological Station on the
campus of the Heilongjiang Academy of Agricultural Sci-
ences, Heilongjiang Province, China (126◦35′E, 45◦40′N).
The soils were taken from 0–20 cm in depth and sieved (2
mm) to remove stones and coarse roots prior to incubation.
The soil was derived from alluvial sediments of clay
loess, classified as Udic Mollisol according to the US soil
taxonomy. The mean annual temperature in the area is
3.5°C, the mean annual precipitation is 533 mm, and the
frost-free period is 135 days. Selected soil properties are
shown in Table 1.

Soil pH was measured in a solution of 10 g of soil (air-
dried weight) in 25 mL deionized water that had been
shaken at a speed of 300 r/min and then allowed to settle
for 15 min, using a glass electrode connected to a pH meter.
The pH of the soil slurry was adjusted by adding either
0.1 mol/L NaOH or 0.1 mol/L HCl (Nägele and Conrad,
1990). Then, the slurry was evaporated at 25°C, The slurry
pH was adjusted and the above procedure was repeated
until the slurry pH values remained stable. The soil pH
values were 3.65, 5.00, 6.90 and 8.55.

1.2 Experimental treatments

There were 12 treatments, i.e. 4 pH values (3.65, 5.00,
6.90, and 8.55) multiplied by 3 nitrogen fertilizations:
without N (CK), and with ammonium and nitrate addition.
(NH4)2SO4-N and KNO3-N solutions were added at the
rate of 100 mg/kg soil as ammonium and nitrate resources.
Each treatment was performed in triplicate.

1.3 Incubation procedures

Soil samples of 25 g were weighed into 36 150-mL flasks.
The nitrogen resource was added as an N solution. Soil
samples were incubated at soil moisture of 60% water
holding capacity and at 25°C for 144 hr. After flushing
the flasks with ambient air for 15 sec, a rubber lid with a
septum for gas sampling by syringe was fitted to each flask
using HZ-704 silicone adhesive sealant to form a gas-tight
seal. Gas samples were taken after 12, 24, 48 , 72 , 96, 120,
and 144 hr. Prior to each sampling, the air in the flasks was
mixed by flushing a 60-mL syringe three times, and then
a 60-mL gas sample was injected into a sealed gas bag for
analysis. After each gas sampling, the headspace air was
renewed to compensate for consumed oxygen and to avoid
N2O and CO2 over build-up in the headspace by evacuating
the flasks and adding sufficient pure air again.

1.4 Determination methods

N2O concentrations were analyzed using a gas chromato-
graph (Agilent 4890D, Santa Clara, USA) equipped with
a 63Ni electron capture detector operated at 330°C. N2O
was separated with a 1-m stainless-steel column with inner
diameter 2 mm Porapak Q (80/100 mesh). The column
temperature was maintained at 55°C for separation. The
carrier gas was argon with 5% methane (CH4). The nitrous
oxide gas standard was provided by the National Standard
Material Research Center, China (Cai et al., 2010).

CO2 was analyzed by a gas chromatograph (Agilent
4890D, Santa Clara, USA) equipped with flame ionization
detector (FID). High purity nitrogen (N2) was used as the
carrier gas. The CO2 was separated with a 2-m stainless
steel column (2 mm inner diameter) filled with Porapak
Q (60/80 mesh, St. Louis MS, USA). CO2 was converted
to CH4 prior to analysis with the FID, using a Ni catalyst
and H2 (methanizer) at 375°C. The CO2 gas standard
was provided by the National Standard Material Research
Center, China.

At the end of the 144-hr incubation period, soil samples
were immediately extracted with a 2 mol/L KCl solution
for 1 hr. The extracted solutions were filtered and stored at
–18°C until analysis. The contents of NH+4 -N and NO−3 -

Table 1 Selected chemical properties of soils studied

SOM Total N Total P Total K Avail. N Avail. P Avail. K pH
(g/kg) (g/kg) (g/kg) (g/kg) (mg/kg) (mg/kg) (mg/kg)

26.3 1.53 1.02 26.1 156 50.8 202 5.33
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N in 2 mol/L KCl soil extracts were determined by the
indophenol blue colorimetric method and UV spectropho-
tometry, respectively.

1.5 Data report and analysis

Data on the N2O flux, cumulative N2O and CO2 were re-
ported as means and standard deviations of three replicates.
The increment of NH+4 -N and NO−3 -N was calculated from
the beginning of incubation minus the end of incubation.
Cumulative N2O and CO2 emissions were calculated by
summing the average of two adjacent fluxes dividing by the
time between the two measurements. Statistically signifi-
cant differences in cumulative N2O emissions among pH
treatments were analyzed by analysis of variance (ANO-
VA) and least significant difference (LSD) calculations at
a 5% significance level.

2 Results

2.1 Nitrous oxide flux

Fertilizers (NH+4 –N, NO−3 –N) were dissolved in water and
applied uniformly in solution when the moisture content of
the soil was about 40% water holding capcity prior to fer-
tilization. The results showed that fertilizer application had
an immediately positive effect on N2O flux and reached
the maximum in the period of 0–12 hr (Fig. 1). N2O flux
from the treatment pH 8.55 was larger than that from the
other three treatments. The highest N2O-N flux occurred
with addition of NO−3 -N fertilizer at pH 8.55, with peak
value of 2.10 µg/(kg·hr). A similar tendency appeared in
the treatment at pH 5.90 but with a lower N2O-N flux (1.21
µg/(kg·hr)). The second highest N2O-N flux occurred with
addition of NH+4 -N fertilizer at pH 6.90, with the value of
1.67 µg/(kg·hr). The factors such as adequate N and carbon
source, and optimal moisture would certainly stimulate
N2O-N emission. However, the N2O-N flux peaks from
all treatments lasted for a short time, and then sharply
decreased after 24 hr incubation. Although the N2O-N
fluxes in the treatment at pH 3.65 were very stable, the
fluxes were consistently low either with an added N source
or without (< 0.14 µg/(kg·hr)). It was worth mentioning
that the control treatment nearly had the lowest N2O fluxes
at all times. In general, N-fertilization led to a significant
increase in N2O emission compared to the case without N
fertilizer. N2O emissions were dependent on the soil pH.

2.2 Cumulative N2O-N emissions

The cumulative N2O-N emissions during the 144-hr incu-
bation in different treatments are summarized in Table 2.
The highest cumulative N2O-N emission was 70.4 µg/kg
for the treatment at pH 8.55. For the treatments at pH 3.65,
cumulative N2O-N emissions were nearly consistently low
with or without N-fertilization (< 10 µg/kg). In the pH
5.00 and pH 6.90 treatments, cumulative N2O-N emissions
were stimulated by both NO−3 -N and NH+4 -N fertilizer.
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Fig. 1 N2O fluxes from different treatments during 144-hr incubation.
Error bars represent the standard deviation of replicate (n = 3) soil
samples. CK: without N.

Table 2 A 144-hr cumulative N2O-N emission from different
treatments (µg/kg)

CK NH4
+-N NO3

−-N

pH = 3.65 9.63 ± 0.05a 9.85 ± 0.16a 9.37 ± 0.12a
pH = 5.00 12.8 ± 0.51a 29.3 ± 7.53bc 31.9± 2.89ab
pH = 6.90 15.7 ± 4.65a 36.9 ± 1.89c 38.9 ± 0.07b
pH = 8.55 29.4 ± 10.8b 26.9 ± 10.2b 70.4 ± 26.2c

Different small letters in the same fertilization column indicates signifi-
cant difference at p < 0.05.

The NO−3 –N fertilization showed a slight increase over
NH+4 -N fertilization. However, in the pH 8.55 treatment,
cumulative N2O-N emissions were dramatically increased
with addition of NO−3 -N fertilization, being 2.62 times
higher than those with addition of NH+4 –N fertilization.
The result showed that the N2O-N emissions in the CK
and NO−3 -N fertilization increased with increasing soil pH
(3.65–8.55). The NH+4 -N fertilization had a dominant role
in cumulative N2O emissions at soil pH 5.00 and pH 6.90.

2.3 Net changes in NH+4 -N and NO−3 -N

The net changes of the available N (Nnet− ) were designated
as:

Nnet− = Nb − Na

where, Nb represents the concentration of available N
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before incubation and Na represents the concentration of
available N after incubation. “+” means the concentration
was decreased and “–” means increased.

Figure 2 shows the net changes of NO−3 -N concentra-
tion. The NO−3 -N concentrations were generally decreased
at all soil pH values (5.00, 6.90, 8.55) except for the
soil with pH 3.65 under CK and NH+4 -N fertilization.
The greatest net changes in concentration of NO−3 -N all
appeared without N-fertilization and the values were about
+44.5 µg/g soil. However, under the NH+4 -N fertilization,
the NO−3 -N concentration hardly changed and there was
no accumulation of NO−3 -N. These results indicated that
the depletion of NO−3 -N had an important role in N2O-N
fluxes. Nitrate is not only a product of nitrification, but the
substrate for denitrification. Under the CK condition, the
soil NH+4 -N concentrations increased significantly at low
pH values (pH 3.65 and pH 5.00), but were decreased at
higher pH value (pH 6.90). Compared with the treatments
at low soil pH, the NH+4 -N concentration in soil at pH
8.55 had a slight increase; with NH+4 -N fertilization, the
soil NH+4 –N concentration represented a decreasing ten-
dency, especially at low pH (pH 3.65). Under the NO−3 -N
fertilization, the NH+4 -N concentration had slight changes
at low soil pH but not at pH 8.55 (< –18 µg/g). These
results indicated the heterotrophic nitrification could not
be ignored, especially at low soil pH.
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Fig. 2 Net changes of NH+4 -N and NO−3 -N in different treatments during
144-hr incubation.

2.4 Soil respiration

The biogenic sources of CO2-C efflux from soils can be
grouped into root respiration, rhizosphere microbial respi-
ration, decomposition of plant residues, the priming effect
induced by root exudation or by addition of plant residues,
and basal respiration by microbial decomposition of soil
organic matter (Kuzyakov, 2006). In the present incubation
study, CO2-C was produced by soil microbial respiration.
N-fertilization significantly increased cumulative CO2-C
emissions from acidic soil to alkaline soil (Fig. 3). In
the absence of N-fertilization (CK), cumulative CO2-C
emission increased positively with soil pH (R2 = 0.98, P <
0.01), and cumulative CO2-C emission from pH 8.55 soil
was as 3.07 times that at pH 3.65. For NH4

+-N fertilization,
the lowest accumulative CO2-C emission (132 mg/kg)
was presented in the soil with pH 5.00, which was very
near to the soil background pH of 5.33. This indicated
that traditional cultivation with soil background pH and
urea fertilization had the lowest CO2-C emission, and
alkaline soil increased CO2-C emission. Cumulative CO2-
C emission from pH 3.65 soils was significantly lower than
that from the other three pH soils with nitrate fertilization.
There were insignificant differences in cumulative CO2-C
emissions among pH 5.00, 6.90 and 8.55.
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Fig. 3 Soil respiration (cumulative CO2 emission) in different treatments
during 144-hr incubation. Vertical bars denote the standard deviations of
the means (n = 3). Different letters (a,b,c,d) denote significant difference
among soil pHs at P < 0.05.

3 Discussion

The results showed that the cumulative N2O-N emissions
increased when the pH of slightly acidic black soil was
increased from 3.65 to 8.55 (Table 2). It is likely that
the microorganisms had inadequate capacity to adapt to
the strong changes of soil pH and a certain portion of
the community was inhibited (e.g. nitrifiers) (Allison and
Prosser, 1993; Hayatsu et al., 2008). The findings also
demonstrated that NH+4 -N and NO−3 -N fertilizer signifi-
cantly stimulated the emission of N2O-N, especially for
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the addition of NO−3 -N fertilizer (Granli and Bøckman,
1994). The stimulation of N2O-N emission by NH+4 -N
fertilizer reached the maximum at soil pH 6.90, which
has been widely accepted as the most favorable pH for
nitrifier population and/or nitrification activity (Hayatsu
et al., 2008; Ward, 2008; Barton et al., 2013). However,
the stimulation of N2O-N emission by NO−3 -N fertilizer
increased with the increase of soil pH (Šimek and Cooper,
2002).

In both cases, the net changes in the concentration of
NO−3 -N did not indicate accumulation for NH+4 -N and
NO−3 -N fertilizer (Fig. 2). This observation demonstrated
that the rate of NO−3 -N reduction strictly controlled the
N2O-N fluxes. Many studies have investigated the effect
of soil pH on the emission of N2O-N. This may be a result
of different susceptibilities of the denitrification enzymes
(NO−3 reductase, NO−2 reductase and N2O reductase) to
different soil pH (Šimek and Cooper, 2002). Low pH
inhibits the N2O reductase activity of N2O reduction to
N2 (Kesik et al., 2006). The highest N2O-N emission
and largest net changes in concentration of NO−3 -N all
appeared with the addition of NO−3 -N fertilizer at high
soil pH (Table 2 and Fig. 2), in which denitrification
dominates the N2O-N emission (Skiba, 2008). Meanwhile,
raising soil pH decreased N2O emissions from nitrification
(Barton et al., 2013). Changes of NO−3 reduction by the
microbial community dramatically contributed to N cy-
cling. The relationship between soil pH and denitrification
as determined by various incubation methods remains un-
clear, because results were influenced both by the original
conditions in soil samples and by unknown changes during
incubation (Šimek and Cooper, 2002).

Soil pH affects all chemical, physical and biological
soil properties and inevitably disturbs the carbon flux. At
lower pH, cumulative CO2-C emission decreased (Fig. 3).
Soil acidification inhibits the soil microbial respiration.
The higher pH soils had significantly higher CO2-to-
soil organic carbon (SOC) ratios, and consequently SOC
in the alkaline soils did not seem as chemically stable
against mineralization (Nambu et al., 2008). Soil respi-
ration decreased markedly in samples from acidified soil
plots (Popovic, 1984). Impacts of anthropogenic activity
on increased CO2-C emission have been investigated for
many years. However, there have been few reports on how
acidification affects CO2-C emission from black arable
soil. The intensity of soil respiration is closely related to
the decomposition of SOC, and even small changes of
organic matter content and soil pH will dramatically affect
the dynamics of carbon (Silva et al., 2008). Increasing pH
with N-fertilization enhanced CO2-C emission (Fig. 3).
The microorganisms seemed to be more adapted to high
pH than to low pH (Cookson et al., 2007). N-fertilization
improves soil microbial activity, leading to more CO2-C
emission.
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