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Production and reduction of nitrous oxide in agricultural and forest soils. YU Kewei, CHEN Guanxiong ( Institute of
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ment of General Microbiology, University of Copenhagen, Selvgade 83H, DK-1307 Copenhagen K, Denmark). -
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A soil-water slurry experiment was conducted to study the potentials of N, O production and reduction in denitrification
of agricultural and beech forest soils in Denmark. The effects of nitrate and ammonium additions on denitrification
were also investigated. The forest soil showed a higher denitrification potential than the agricultural soil. However,
N; O reduction potential of the agricultural soil was higher than the beech forest soil, shown by the ratio of N,O/N,
approximately 0.11 and 3.65 in the agricultural and the beech forest soils, respectively. Both nitrate and ammonium
additions stimulated the N, O production in the two soils, but reduced the N, O reduction rates in the agricultural soil
slurries. In contrast to the effect on the agricultural soil, nitrate reduced the N,O reduction rate in the beech forest
soil, while ammonium showed a stimulating effect on the N, O reduction activity. After one week incubation, all of the
N,O produced was reduced to N, in the agricultural soil when nitrate was still present. Nitrous oxide reduction in the
beech forest soil occurred only when nitrate almost disappeared. The different nitrate inhibitory effect on the N,O re-
duction activity in the two soils was due to the difference in soil pH. Inhibition of nitrate on N,O reduction was signifi-
cant under acidic condition. Consequently, soil could serve as a sink of atmospheric N, O under the conditions of anaer-
obie, pH near neutral and low nitrate content.

Key words Denitrification, N;O reduction, Greenhouse gases, N,O/N, ratio.
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1 Introduction

Nitrous oxide (IN;O) is not only one of the green-
house gases, but also one of the gases which react with
ozone and may contribute to depletion of the ozone layer

(10.27]  Since preindustrial times the

in the stratosphere
amount of N;O present in the atmosphere has increased
from about 275 ppb(v) to about 310 ppb(v) with a con-
tinuously increasing rate about 0.2 t0 0.3% yr~'. The
atmospheric lifetime of N,O is about 120 years, much
longer than some other important greenhouse gases,
such as CO; and CH,, indicating that the present in-

crease will have a long term effect on the global cli-

There is a very broad range of values in the esti-
mated global sources and sinks of N,O from Intergov-
ernmental Panel on Climate Change (IPCC), which in-
dicates that there still are considerable uncertainties in
the estimation due to the temporal and spatial variations
in N;O production and consumption. Denitrification is
one of the major sources of N,O production and emission
influenced by different environmental factors. Denitrifi-
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cation represents the only known biological process for
consumption of N,O and the rate of this last step in the
reduction of NO; determines the ratio between N,O and
N,*3]. There is some evidences in field measurements

1L.23] byt there

that soils consume ambient N,O!%¢
are not enough data to evaluate the global capacity of
N,O removal by soil and consequently there is no esti-

(4. 151 g

mated value in the IPCC report on this issue
previous research carried out in this field, the effect of
nitrate on the reduction of N,O to N, was stud-
jied!® % 28] In this study, we included both nitrate and
ammonium treatments in anaerobic incubation with an
agricultural and a beech forest soils to investigate the po-
tentials of N, O reduction to N, and the effects of nitrate

and ammonium.
2 Materials and Methods

2.1 Sample soils and treatments

Surface soils (0~20cm) from an agricultural field and a beech
forest in Denmark were collected in March. The agricultural field
is planted with barley and fertilized once a year during sowing of
the crop in May at a rate of 80 kg N hm™? with NO;y -N : NH*-N
5.5: 7.0. The soils were air-dried at room temperature, sieved
(2 mm) and stored at 4C before the use. Basic soil characteristics
were analyzed, and the results are shown in table 1.
Table 1 Characteristics of the agricultural and the beech forest soils

Agricultural soil  Beech forest soil

Total C (%) 1.30 1.69
Total N (%) 0.19 0.17
Ammonium (g N g~ dry soil) 0.08 1.26
Nitrate (ug N g™~ ! dry soil ) 7.42 6.64
pH 6.60 3.80
Water content { % , w/w) 4.22 9.84

The soil-water slurry experiment was carried out by the fol-
lowing procedure; 15g (fresh weight) air-dried soil was weighted
into a 50 ml bottle with 10 ml distilled water. Each of the two
soils has six treatments, control, nitrate and ammonium additions
treated with and without acetylene. KNO,;-N or NH;CI-N solution
was added to make the final addition of 10 ug N g~ ' in the slurry.
Each bottle was sealed with a rubber stopper and evacuated and
then refilled with pure nitrogen to ensure an anaerobic incubation
environment. Afterwards, acetylene was injected to 10% of the
headspace of the corresponding bottles to inhibit the reduction of
N;O to N;. Each treatment has six replicates. Samples were kept
at 15C after the initial gas sampling. The incubation lasted for 7
days and gas samples were drawn every 24 hours for analysis of
N,O (in triplicate) and CO, (in duplicate) concentrations in the

headspace of the bottles. Immediately after the gas sampling, one
bottle of each treatment was used to analyze the nitrate, nitrite and
ammonium contents in the slurry.

2.2 Sample analysis and calculation

Each soil slurry was extracted with 25ml 0. 1M KCl. After
shaking for 2 hrs, soil solution was filtered to remove soil particles.
An aquatic flow injection system was used to analyze NH, , NO;
and NO; contents. N,O concentration was measured on a
Hewlett-Packard GC 5890 with ECD. The oven, injector and de-
tector temperatures were 40C, 120C and 325TC, respectively,
and the carrier gas flow rate was 20 ml N; min~!. A Hewlett-
Packard GC 5890 with TCD was used for CO, measurement with
oven, injector and detector temperatures being 90C, 120TC and
85C, respectively, and carrier gas flow rate being 20 ml H,
min~"'. A pH meter 28 (Radiometer Copenhagen) was used to
measure pH value in the slurry.

Denitrification potential was determined by the rate of N,O
accumulation in C,H;-inhibited treatment. Some of the N,O pro-
duced can be reduced to N; when there is no inhibition of N,O re-
duction by C;H;. Therefore N;O reduction potential was deter-
mined by subtracting the amount of N,O produced in C,H;-inhibit-
ed treatment from the N,O accumulated without C;H,. The
amount of N;O dissolved in water phase of the slurry was consid-
ered in the calculation®). All results were calculated based on dry
weight of the soil.

3 Results and Discussion

3.1 Soil general metabolism

Soil anaerobic respiration is experessed by CO, pro-
duction in the experiment. The forest soil showed much
higher CO, production activity than the agricultural
soil, and the ratio between CO, and N,O evolution in
the forest soil was much higher than in the agricultural
soil (Table 2 and 3), indicating a larger portion of deni-
trifiers in the microbial community of the agricultural
soil. There was no significant difference in CO, produc-
tion between different treatments of each soil, indicat-
ing that the general microbial metabolism did not differ,

and therefore the acetylene inhibition technique was ac-

Table 2 CO; productions (pg C g soil"' d™', n=8) under different treat-
ments

Agricultural soil Beech forest soil
With C;H, Without G;H,  With C,H, Without C,H,
Control 3.34 3.29 22.85 22.98
NH; 3.67 3.51 21.23 23.83
NO; 3.35 3.47 20.98 21.78

Data are calculated by the linear regression of CO, production during the in-
cubation. Values in column are not significantly different at 0.05 level (T-
test, Microsoft Excel 5.0).
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ceptable and the effects of different additions on N,O

production and reduction were comparable.

3.2 N,O production and reduction potentials
Research to identify sources of N;O in soils has in-

dicated that most, if not all, of the N;O evolved from

soils is produced by biological processes and that little, if

any, is produced by chemical processes such as chemod-

(61, chemodenitrification

enitrification In most cases,
may be responsible for NO but not N,O prodﬁction[ll.
Biological denitrification is considered as the only source
of N>O production in this anaerobic incubation experi-
ment. N;O production and reduction potentials were
calculated based on the first 24 hrs measurements. Ni-
trous oxide production potential was estimated by the
rate of N,O accumulation with acetylene blockage, and
N,O reduction potential by the rate of N,O reduction to
N, (the difference between N,O accumulations with and
without acetylene) .

Stronger denitrification activity was found in the
forest soil illustrated by higher N,O production potential
(Table 3) and faster decrease in nitrate content (Fig. 1
(c) and 2 (¢)). Actually the acidic environment of the

forest soil is not favorable for denitrification, because

denitrification activity is generally stronger at neutral
conditions, and the initial nitrate content in the forest
soil slurry was lower than the agricultural soil slurry due
to the difference in original nitrate and water contents of
the sample soils. Larger denitrifier population in the
forest soil could be responsible for the stronger denitrifi-
cation activity, and higher organic matter content in the
forest soil might partially account for the result.

Most of the N;O produced was reduced to N, in the
agricultural soil, leading to only 10% of the end prod-
ucts of denitrification being N,O (N,O/N, 0.11), but
in the forest soil about 78% of the end products was
N,O (N,O/N, 3.65) (Table 3). The results were ob-
tained from soils with different physical and chemical
characteristics. The pH values were 6. 64 and 3. 80 in
the agricultural and the forest soil, respectively ( Table
1). The difference in N,O emission corresponded with
other observations that high N,O emission occurred at
low pH conditions™ ). In soil slurry experiments
Struwe and Kjoler'?®! found that the ratio of N,O/N,
was inversely related to pH, and increased from 0.5~
2.8 with decreasing pH from 7.2~4.3. Blackmer and
Bremner'®! found a strong inhibitory effect of nitrate on

Table 3 Effects of nitrate and ammonium on N, O production and reduction potentials (pg N;O-N g soil ' d™ '}

Agricultural soil Beech forest soil
Production Reduction N,O/N, Production Reduction N,O/N,
Control 1.63£0.15" 1.46£0.14* 0.11£0.01* 1.90+0.07* 0.41+0.02" 3.65+0.02°
NH,; 2.04+0.01" 1.30+0.06" 0.57+0.07" 1.99+0.12* 0.48+0.07° 3.15+0.47*
NO; 1.75+0.06" 1.44+0.01° 0.22+0.02° 1.99+0.13" 0.17 £0.02" 10.86 £ 0.97°

Values are expressed as means * standard deviations of three replications. Values with the same character in column are not significantly different at 0. 05 level

(T-test, Microsoft Excel 5.0).
the N,;0O reduction under acidic conditions.

Both nitrate and ammonium additions slightly en-
hanced N,O productions in the agricultural soil, while
N,O reduction potentials decreased (Table 3). The in-
hibitory effect of nitrate on N,O reduction was an ex-
pected result. It was also found that ammonium had a
stronger stimulating effect on N,O production and
stronger inhibitory effect on N,O reduction than ni-
trate. There was about 36 % N,O (N,O/N, 0.57) in
the gaseous end products when ammonium was added
compared with only 10% N,O (IN,O/N, 0.11) in con-
trol. If this finding is also true under natural conditions,
it may have great implication for agricultural practice,
since large areas of cultivated soil are fertilized with ure-
a. The capacity of agricultural soil to consume N,O may

be limited by the NH; released from urea hydrolysis.
Blackmer and Bremner'?! emphasized that a small reduc-
tion of the N;O consumption activity may lead to a large
increase in N;O emission. It could be expected that a
small change in the N,O/N, ratio would greatly influ-
ence the N, O emission from cultivated soil and also the
source inventory of N,O.

The results obtained from forest soil were differ-
ent. The ammonium addition did not show an inhibitory
effect on N,O reduction, but showed a slightly stimulat-
ing effect, which resulted in a lower N,O/N, ratio than
control. Both ammonium and nitrate additions enhanced
the N,O productions in the forest soil, but not as much
as in the agricultural soil. The inhibitory effect of ni-
trate on N, O reduction was found, corresponding to the
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result in the agricultural soil (Table 3).
3.3 Dynamic accumulation of N;O during the incuba-
tion

The dynamic patterns of N,O accumulation and
change of nitrate content during the incubation were il-
lustrated in Fig. 1 and 2. We didn’ t find significant
amount of nitrite accumulation and ammonium content
kept constant during the anaerobic incubation. The re-
sults from the agricultural soil without acetylene showed
that virtually all of the N,O produced in denitrification
was reduced to N, in one week, and this pattern was not
significantly affected even when nitrate was added. Due
to the stronger inhibitory effect of ammonium on N,O
reduction, largest N;O accumulation was found in the
ammonium added treatment (Fig. 1 (a)). Nitrate
strongly inhibited N;O reduction, and this inhibition
was stronger under acidic conditions of the forest
soill?*], Only when nitrate was almost undetectable in
the forest soil slurry and denitrification nearly stopped
after incubation for 3 days, the consumption of N,O in
the headspace occurred (Fig. 2). The result indicates
that the capacity of the forest soil to consume N,O
greatly depended on nitrate content. It has been pro-
posed that the development of nitrous oxide reductase

[19] " The duration of this lag increas-

(9, 17]‘

requires more time
es with NOj concentration

The agricultural soil showed higher N,O reduction
potential than the forest soil, and the capacity depended
on several environmental parameters. The microorgan-
isms responsible for N;O consumption are widely pre-
sent in different ecosystems. Kromka ez al . 18] observed
that 80 ~90% of the denitrifiers were able to reduce
N,O in their study. Okereke!??) reported that 59 out of
71 denitrifiers isolated from eight different countries uti-
lized N,O as terminal electron acceptor. A suitable re-
duced environment can be found in flooded areas or
deeper layers of soil. Observations on consumption of
atmospheric N;O have been reported from field mea-
surements of cultivated soilst® 28!, grasslands!”: 11+ 23}
and tropical soils!'®" 201, Ryden“ﬂ reported that an un-
fertilized control grassland plot in UK served as a sink of
atmospheric N,O during the period from August to
November when nitrate content in the soil was low and

soil water content exceeded 2 0 % , which corresponded

= (=] =
(2] w L

NO,-N (pg-g™'soil)

©
N
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Fig.1 Accumulation of nitrous oxide and change of nitrate content in the a-
gricultural soil slurry.

Vertical bars represent the standard deviations of means and can not be seen
when they are smaller than the symbols of points, n=3 for (a) and (b), n
=2 for (c). Points in (c) represent means of nitrate contents in the slurries
with and without acetylene inhibition, based on the assumption that there is
no effect of acetylene on denitrification in slurries except the inhibition of
N,O reduction to N,. I . Control, I . NH{ , [l . NO; The same below.

to the results of this experiment. Similar results were
found in a bare field (cultivated soil with no vegeta-
tion), which showed a continuous consumption of ambi-
ent N;O from September to November, and this con-
sumption was close to the amount of N,O emitted in the
remaining months of the year!?8).

Reduction of N;O in soil is probably only a minor
sink, but may still play an important role on a global
scale . The elimination of N, O in the stratosphere is so
slow that even a small sink could contribute significant-
ly to reduction of the atmospheric residence time of
N,O® ] Further studies are needed to evaluate the
importance of this sink on a global scale. The poten-
tialof soil as a sink for atmospheric N;O deserves atten-
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Fig.2 Accumulation of nitrous oxide and change of nitrate content in the
forest soil slurry.
Explanations are the same as in Fig. 1, but the scales of y-axis in (a) and
(b) are different from Fig.1.

tion in future attempts to estimate the atmospheric N,O
budget.
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