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Abstract—Fluxes of NO and N,O from sandy loam soils cropped with winter wheat and a clay loam soil
under ryegrass, with and without the addition of NH,NO, fertilizer, were measured using static and
dynamic chamber methods. Nitric oxide fluxes ranged from —0.3 (deposition) to 6.9 (emission) ng
NG-Nm~ s~} The corresponding N;O flux ranged from 0 to 91 {emission) ng N,O-N m~?s~% The NO
flux was temperature dependent. Activation energies ranged from 40 to 8¢ kJ mol ™. Nitric oxide and N,O
fluxes increased linearly with soil available nitrogen (NH, + NO;). Emissions of NQ and N,Q were not
detectable from unfertilized ryegrass plots. Instead, nitric oxide was absorbed by the soil and vegetation ata
maximum rate of 0.31 ng NO-N m™~ s~} The aeration stzte of the soil controlled the relative rates of NO
and N,O emission. Nitric oxide was the major gas emitted from well acrated soils, conditions that favour
nitrification. The NO/N,O emission ratio was > 100 for the coarse-textured sandy loam soil and the clay
loam soil only during low rainfall periods. Nitrous oxide was the major gas emitted from less aerated soils,
canditions that allowed denitrification 10 occur. The NO/N,O emission ratio was <0.001 for the clay loam
soil when rainfall was high and soils were wet. Extrapolation to the U K. situation showed that agricultural
land may account for 2-6% of the total annual NO, emission and lor 16-64% of the total annual N,O
emission in the UK.

Key word index: Static and dynamic chambers, NO emission, NO deposition, N,O emission, NO/N,O

emission ratio, nitrification. denitrification, soil nitrogen, sandy Joam soil, clay loam soil.

INTRODUCTION

Emissions of oxides of nitrogen as nitric oxide (NO)
and nitrous oxide {N,0O) from soils are currently
attracting interest as sources of important reactants
for tropospheric and stratospheric nitrogen chemistry
{Crutzen, 1983). Nitric oxide ptays a central role in the
production of photochemical oxidants and following
oxidation to nitric acid contributes to acidic depos-
ition in Europe and North America (Logan, 1983;
Rodhe and Rood, 1986). In industrial regions fossil-
fuel combustion provides the main source of atmo-
spheric nitric oxides (NO,} (DcE, 1990), but in rural
areas, NO produced biologically in soil may provide a
significant source of atmospheric NO, (Watson et al.,
1990}. Emissions of nitrous oxide play an important
role in the chemistry of the stratosphere and in the
longwave exchange of radiation between the Earth’s
surface and the atmosphere as an infrared absorber
{Crutzen, 1981, Warneck, 1988). Nitrous oxide ac-
counts for approximately 5% of the total greenhouse
effect (Bouwman, 1990). Its concentration in the
troposphere is increasing currently at a rate of 0.2%
per year. Soils are the dominant source of N,O
(Watson et al., 1990). Some industrial processes, for
example, nylon production, are alse important sour-
ces for atmospheric N,O (Thiemens and Trogler,
1991). Biomass and fossil-fuel burning, however, have
recenily been shown to contribute less than 10% of

the global atmospheric N,O budget (Cofer et al,
1991),

In soils, nitrification, the oxidation of ammonia of
nitrate (Bremner and Blackmer, 1981) and denitrific-
ation, the anaerobic reduction of nitrate to gaseous
fortns of N {(Payne, 1981), are responsible for most of
the NO and N, O produced. Nitrification is believed to
be the main scurce of biological NO, {Anderson and
Levine, 1986), Nitrous oxide is a product of both
nitrification and denitrification. Nitrification is be-
lieved 10 be the dominant source until soils become
very wet (Poth and Focht, 1985). Nitrous oxide pro-
duced during nitrification has a greater possibility of
being lost from the soil than when produced during
denitrification, Under aerobic soil conditions that
favour nitrification, soil pores are generally open and
allow diffusion of gaseous products to the atmosphere,
whereas in conditions that favour denitrification diffu-
sion is impeded and further transformaztions, eg. N,0
to N,, may occur {Byrnes et al., 1990). Soil emission
rates of NO or N;O have been studied in a variety of
environments (eg Sahrawat and Keeney, 1986;
Anderson et al, 1988). Only on a few occasions,
however, were both gases measured simultancously
(Johansson and Granat, 1984; Slemr et al, 1984;
Anderson et al, 1988; Shepherd er al., 1991). The
purpose of this project was to investigate emissions of
NO and N,O from agricultural seils and factors
controlling the NQ/N,O emission ratio in cool
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temperate climates. Here we report ficld measure-
ments of NO and N,O emission from two contrasting
soil types: a heavy clay loam sown with ryegrass and
two sandy loam soils sown with winter wheat.

SITE DESCRIPTION

Nitric oxide and N,0O fluxes were measured on two
types of lowland agricultural soil between April and
July 1990:

1. A heavy clay loam soil sown with ryegrass, at
Glencorse Mains Farm, 8 miles south of Edinburgh
{grid ref. NT 239629).

. Two sandy loam soils cultivated with winter wheat,
at Drylawhiil (grid ref. NT 581786) and Howmuir
(grid ref. NT 615767), both in East Lothian, 25
miles southeast of Edinburgh.

Glencorse Mains

This was a grassland site where the response of
ryegrass to fertilizer application and compaction by
agricultural traffic was being studied (Douglas and
Crawford, 1992). The soil at Glencorse Mains was an
imperfectly drained clay loam of the Winton series
(Ragg and Futty, 1967). The pH (CaCl,) was 4.9.
Earlier work by Arah et al. {1991) had shown that
denitrification rates were large at this site. The experi-
mental plots employed in this study were those re-
presenting the most contrasting soil conditions, both
in terms of N availability and likely soil aeration:
(a) plots that received an initial spring application of
150 kg N ha~! as ammonium nitrate and a similar
application following cutting and removal of the
crop for silage in June,

{b) plots that had not received any nitrogen fertilizer
for the last 3 years.

Flux measurements werc made during the growth
period of the first and second grass crops, once
immediately after fertilizer application (18-22 April,
14-16 June, respectively) and then several weeks into
the growing season (5-7 June, 4-7 July).

Drylawhill and Howmuir

These sites were both on commercial farms sown
with winter wheat. The soil at Drylawhiil was mapped
as the Kilmarnock series and at Howmuir as the
Winton series. Both soils, however, were of much
coarser texture (sandy loam) than the classification of
these series would suggest (Ragg and Futty, 1967). The
PH (CaCl,) of the soil was 4.8 and 5.3, respectively.
Both fields received three applications of N fertilizer in
spring. At Drylawhill a total of 200 kg N ha™! {as
NH NO,) was applied and at Howmuir 2 total of
150 kg N ha™' (as nitrochalk, NH,NO; +CaC0,).
Flux measurements were made in parallel with meas-
urements of NO, NO,, O, and SO, by micrometeoro-
logical techniques by colleagues from the Institute of
Terrestrial Ecology and the University of Manchester,
Institute of Science and Technology. Nitric oxide and
N,O fluxes were measured using the open chamber
technique approximately 1 week (Drylawhill) and 7
weeks (Howmuir) after the last application of fertilizer.
The crop height made use of the closed-chamber
methed impractical.

EXPERIMENTAL PROCEDURE

Fluxes of NO, NO, and N,O from the soil surface were
measured using an open-chamber technique. A perspex
chamber (Fig. 1) with a ground area of 0.9 m? and a height of
0.72 m was attached to a stainless steel frame, which was
inserted into the soil to a depth of al least 30 mm, 1o prevent
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Fig. 1. A schematic diagram of the ffowthrough chamber for NO and N,O flux measurements.
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air leaking into and out of the chamber at its sides. Charcoal-
filtered air was pushed through the chamber by a speed
adjustable fzn (800-3750 rpm), allowing flow rates through
the chamber to be varied between 50 and 150/ min~'. The
charcoal filter removed O, from the ambient air. This was
necessary to eliminate reactions between ambient O, and
NO within the chamber. Ambient NO and N,O concentra-
tions were not affected by the charcoal filter. Ozone concen-
trations in the chamber were monitored continuously and
did not exceed concentrations of 2 ppb. Losses of NO, NO,
and Q5 to the chamber walls were minimal. This was tested
by filling the sealed chamber with high concentrations of O,
or NO, (> 100 ppb) and then monitoring the decay of the
gases. The deposition velocities to the chamber surfaces
calculated for O, and NO; were 8.5x107°% and 4.1
% 107* ms ™!, respectively. The air inside the chamber was
stirred by a second fan. Adeguate mixing was provided by a
tubular baffle made from a thin 2luminium sheet. Concentra-
tions of NQ, NO,, N,O and O, were measured at the air
inlet and the air outlet of the chamber. For NO,NO; and O,,
air was pumped through PTFE tubing at a rate of
700 mimin~! into a NO-NQ,-NO, chemiluminescence
analyser, fitted with a molybdenum converter (Thermo En-
vironmental [nsituments, Model 42) and at a rate of
2/ min"! into a dual channel UV photometric ozone ana-
lyser (Analysis Automation, Model 427). The chemilumines-
cence analyser had a detection limit of 0.3 ppb and a pre-
cision of 0.15 ppb for NO. Previous work showed that for
very polluted conditions 2 maximum error of 10% for NO
was introduced by conversion of NO, to NO,. Calibration
was performed by diluting 10.3 ppm NO in nitrogen by gas-
phase titration using an Environics 5100 calibrator. Inlet and
outlet air was sampled at 3-min intervals using a solenoid
valve under the control of a data logger {Campbell Scientific,
Model 21X). Measurements during the first 2 min were
discarded as purge time. Measurements during the third
minute were stored by the data logger.

For N,O analysis, air was pumped {from the chamber inlet
and outlet via nylon tubing (6 mm o.d.) through a series of
traps at a flow rate of around 150 ml min~'. Perspex pre-
columns (350 mm long, 24 mm i.d.) were filled with anhyd-
rous CaSO, and soda lime (35 g of each; both self-indicating)
10 remove H,0 and CO,, respectively, rom the air stream.
Nitrous oxide was adsorbed onto molecular sieve 5 A (8-12
mesh) (27 g) held in a separate perspex column {420 mm long,
19 mm internal diameter) which was connected to the pre-
column via plastic tubing. The traps were assembled vertical-
ly. Molecular sieves were usually replaced after 2-8h. For
overnight measurements two molecular sieve traps were
installed in series. Used molecular sieve was stored in gas-
tight glass vials until analysis. Trapped N,O was released
with distilled H,O (50 ml} in 500 mt conical flasks (Ryden et
al., 1978). After 15 h equilibration the N,O concentration in
the head space of the flasks was measured by gas chromato-
graphy (Pye Unicam 104 gas chromatograph fitted with a
Tracor 3Ni detector).

Nitrous oxide fluxes were also measured using 1he closed-
chamber technique. A shallow perspex chamber {height
150 mm, volume 0.19 m?) with slightly inwardly sloping sides
was used. The surface area and the method of attachment to a
frame were the same as for the large chamber described
above. Gas samples were taken from the sealed chamber at
time intervals uatil a concentration difference between en-
closed and ambient air could be measured (usually after
30-120 min). Glass syringes (1 ml) fitted with three-way taps
were used for sampling and storage (not more than 3 h) until
analysis by gas chromatography.

In the open-chamber system, fluxes (F) of NO and N,O
were calculated from the concentration differences between
inlet (C) and outlet air (C,) (ngm™3), the flow rate of air
through the chamber (f) {m*s~') and the surface area
covered by the chamber {(4) (m?)

F=(C° .)f.

1
y (m

With a flow rate of 50 ¢ min ™' the minimal detectable NO
flux was 0.1 ng N m~25~! and the N,O flux (by trapping
onto molecular sieve) was 9ng Nm~™2s™%,

For the closed-chamber design N, fluxes were calculated
from the concentration differences between the chamber air
{C.} and ambient air (C,) (ug m?), chamber volume (V} (m?),
the time for which the chamber was sealed (¢} (s) and the
surface area covered by the chamber (4) (m?*)

(€C.—CJV
plCem S
At

(2

For =60 min the minimal detectable N,O emission was
IngNm™ s~

Soil temperature at 30 mm depth inside the chamber and
chamber air temperature were measured  using
chromel-alume! thermocouples. Average temperatures for 3-
min time intervals were stored by the data logger.

Soil samples {top 100 mm) were taken every time fluxes
were measured, They were analysed for moisture content
{weight loss on drying), pH (CaCl,) and available NH; and
NOj; {15 g soil extracted with 50 ml IM KCl) (Crooke and
Simpson, 1971; Henrikson and Seimer-Olsen, 1970}

RESULTS AND DISCUSSION

NO emissions and diurnal variations

Nitric oxide was both emitted from the soil and
deposited to it. Deposition was only observed when
the scil available nitrogen concentrations were
low (<8 mgkg ' NH;-N; <12mgkg™! NO;-N)
(Table 1). At Drylawhill and Howmuir the NO flux
was measured by the chamber method (Table 1) and a
micrometeorological approach (Hargreaves et al,
1992). With the chambers the NO flux was measured
on four 0.96 m? plots near the edge of the field. The
micrometeorological approach integrated the NO flux
of a 300-1000 m? uniform area. Nitric oxide fluxes
measured by these two methods were in good agree-
ment. At Drylawhill, NO fluxes measured using the
chamber, ranged from 4.7 to 18.6 ng NO-Nm~%s™!
(median 6.91). Using the micrometeorological ap-
proach, a NO emission rate of 22 ng NO-Nm~?s™!
was calculated for 12 May 1990, At Howmuir using
the chambers, the NO flux ranged from 0.91 to 4.8 ng
NO-Nm~%s5™! (median 1.5). The NO flux calculated
by the micrometeorological method was 3ng
NO-Nm™257? for 24 June 1990.

A significant correlation between NO emission rate
and soil surface temperature (at 3 cm depth) (r* =0.74,
df=179) and air temperature {r*=0.76, df=179) was
observed. Figure 2 shows a typical diurnal variation of
NO emission with changes in soil and air temperature.
Plots of the logarithm of the NO emission rate against
the inverse absolute soil temperature were linear (Fig.
3). From the slope the activation energy for NO
emission was calculated (Table 2). Variations were
random, no systematic relationship with crop type or
season was observed. Activation energies of similar
magnitude were observed by Slemr and Seiler (1984)

AT L A




U. Skiba ¢t al.

r

“10id 21)) BuIso[oua Jo ABp PUR 310Jaq SAEP T I[IRjuIed dalBmEn)§

OL<ul

"2e100U3|) J0] eM|dal 7 JO upaw ‘IIMWmO] pur [ymejAaq 10§ wajdas p jo uespy |
uoinsodap = s1aquinu a1 edau ‘COISSILD = SIFQIINU 3AIISO ‘DL < ¥ “Ue) sem poiad Jrq) 1o)
X0y UBpaW 31 ON 104 “Sisk[Ede 7N 10] past sdeal aaars JR[AIOW JO [2GUINU = u "A|SNORUE] NS PNSEIW 21am QN pue ON Uays spotad Joj (35) UCHEBIAIP paepuess DL1WeaS PUE UBIDIW .

5t 80T 6'tl 0 r49 £ £Ll 0 £eo0 vi'0g— APr g-¢
0 £92 oLl 0 gt [4 0 0 0] 10— aunf ¢
6l L8 6¥1 I'o it [4 0 0 910 1¢°0— sunf f
(49 6'0¢ 80 0 &F L 0 o 150 PI0— mdy £7-1¢
SUIRA 35J00UI|D)
pazipnaajuou ‘sseuBaky
60¢ 89 L ¢ ool 14 80 £s 10 S000 AIng -4
o 9 g1 £ 68 L4 L7 100 §00 139 4 aunf—p|
Ll (414 Uit 50 L ¢ iy 100 Lol £00— auny g-¢
vl 6'1E ™ 9%l I'pf L 90 16 680 £v0 udy oz-21 SUIRY IRI0OUD|D
1Pz ‘sxradany
'z Lkt ot £ 9¢ 4 0 €0 051 unf 97-07 dinwmoy
10 ¥ £l £96 1°TL 6 $80 (414 ¥ 169 Aepy Ti-04 llyseifaa
BLEITENS T
{wrm) (1w £1p o) 0.) {8y m:.: u (S, wN I {,_s;_wN Su) ateq uo1E0]
Strejurey Jasaysow ainteladua) ‘ON YHN s uBIpaly as ueipap ‘do1D
1eg tog 1N 21qEpteAe Jlog »X00 OFN «X0B ON

SIQRUTA IS PUE SIUUANSEIW XN QTN PUE ON Jo AIRWung | s|qeL




NO and NOZ2 Flux (ng N/m2/s)

Temperature (*C)

| 1 t :

r 1 t 5

1400 150 2100

0
Time (GMT)

Fig. 2. Diurnal variations in the NO and NO, flux from a fertilized clay loam soil cropped with ryegrass
at Glencorse Mains, 14-15 June 1990. B NO flux, ® NQ; flux, © soil temperature, [ air temperature
inside the chamber (n=35 for every data point).
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Fig. 3. Temperature dependence of the NO emis-
sion from a fertilized clay loam cropped with rye-
grass at Glencorse Mains, 1415 June 1999

(E,=44-103 k} mol ") and Johansson and Granat
(1984) (E, = 65-83 kJ mol ™ 1).

When the NO flux was less than 0.15ng
NO-Nm~25~! at Glencorse Mains and less than
2ng NO-Nm~%s™' at Howmuir, a reversal of the
normal diurnal variation was observed. More NO was
emitted into the atmosphere at night than during the
day, and on plots where NO was deposited, the rate of

deposition was less at night (Fig. 4). Plants absorb
small amounts of NO (Hili, 1971), and Slemr and
Seiler (1984), for instance, found that for an un-
fertilized soil the rate of NO emission into the atmo-
sphere was lower from vegetated plots than from bare
soil. During the day, when leaf stomala are open, more
NOQ isabsorbed than at night (Bennett and Hill, 1973).
When soil emissions of NO are very small, absorption
of NO by vegetation will certainly become noticeable,
as shown in Fig. 4. The likely reason for the switch in
diurnal variations being observed at higher NO emis-
sion rates at Howmuir than at Glencorse Mains is that
at Howmuir the crop height (65 ¢cm), and therefore the
volume of the crop enclosed, were much greater than
at the other sites, resulting in greater absorption.

Rates of NO emission averaged over the 1to 7 days
of the measurement period ranged from 0.005 to 6.9 ng
NO-Nm~ 25! (Table 1). Median values were quoted
as the distribution was approximately lognormal.
Our results agtee with some of the lower NO emission
rates quoted, for example with a grazed pasture in
Australia (1.5-7.3 ng NO-N m ™% s7") {Galbally and
Roy, 1978), wheat fields in Colorado, US.A.
{0.8-5.0ng NO-N m~? s ') (Anderson and Levine,
1987) and the average NO emission rate from a barley
crop near Glasgow, UK., measured over the period
April-July 1985 (5 ng NO-N m~? s™') (DoE, 1990).
The rates of NO emission reported here, however,
were small compared to mean annual NO etnission
rates for fertilized cultivated land in temperate clima-
tes (3.5-39 ag NO-N m™~ 25~ ') (Bouwman, 1990), and
much smaller than the rates very recently reported for
fertilized fallow soil in the warmer environment of
southern Ontario (Shepherd et af., 1991).

t
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Nitrogen dioxide was mainly deposited, as shown
for Glencorse Mains in Table 3. Loss of NO, to the
chamber walls was minimal (see above) and could not
account for the negative NO, fluxes observed. The
results are in agreement with the literature (Fowler et
al., 1991). Stomata are the major sink for NO, and
consequently diurnal variations in NO, deposition
have been observed, with maximum deposition rates
occurring during the day (Hargreaves et al., 1991). In
contrast, we observed a small inverse diurnal variation
in the NO, flux on 14-15 June 1990, where NO, was
emitted during the day and deposited at night (Fig. 2).
Much larger rates of NO, emission for an unfertilized

2482 BT LU SKIBAYE alt (22
Table 2. Relationship between NO emission and soil temperature at 30 mm depth (7;) The
activation energy (E,) for NO production was calculated from the Arrhenius equation:
In NO emission=In A~ E_/RT,
Crop, Corretation Degrees of  Activation energy
location Date coefficient (r*)  freedom (kJmol™")
Winter wheat:
Drylawhitl plot 2 11 May 0.787 5 40.1
plot 3 1i-12 May 0.832 Il 64.8
plot 4 13 May 0.319 13 715
Howmuir  plot 4 26 June 0.306 19 728
Ryegrass fertilized:
Glencorse piot | 18-19 April 0.566 26 59.5
Mains plOl 1 14 June 0.835 3 - 432
plot 2 t4-15 June 0.659 17 8t
L$ 2
1 L - 15
_ g
R S
E g
z g
£ ost 40 g_
5 5]
= + E
9 3
0 s
qHF-'H HH
FiY] L e ea ] Il Loy, 1 1 i o o
500 1300 1700 2t00 1 500 %00
Time (GMT}
Fig. 4. Diurnal variations in the NO deposition rate from an unfertilized ryegrass plot on clay loam soil
at Glencorse Mains, 22-23 April 1990. B NO flux, ® soil temperature (n= 5 for every data point).
NO, fluxes bare soil, averaging 28 ng NO,-N m~%s5™! were

observed by Slemr and Seiler (1984). We are not aware
of any biological processes responsible for this NO,
preduction in the soil.

N,O measurements with c!oged- and open-chamber
systems

The flow rate of air (> 50/ min~ !} through the open
chamber was too high to measure differences directly
between the N,O concentrations in the air streams
entering and leaving the chamber. The N,0 from
these streams at the chamber inlet and outlet was
therefore concentrated by absorption onte molecular
sieve (Ryden et al, 1978). The trapping efficiency of
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Table 3. NO, flux at Glencorse Mains

Date ng NO,-Nm~™%5"1* Range n*t
Fertilized plots:

18-20 Apnit -0.09 —1.05+0.47 705
56 June —0.08 —0.45+0.2t 242
14-15 June -0.04 t—079+1.00 217
4-5 July -0.59 i —1.85+40.05 254
Unfertilized plots: )

21-23 Apdl —024 ~200+066 998
7 June +0.00 F —0.45+0.4! 168
15 June +0.10 i —1.32+0.5¢ 40
56 July —0.11 y —149+0.35 209

® Mean Aux measured at 3-min intervals for x hours. Positive vaiues
=emission, negative values = deposition.
t Number of flux measurements carried out.

Table 4. Comparison ol open- and closed-chamber methods for measuring N, O fluxes at Glencorse Mains

N,O emission (ng N m~2571)

Open chamber* Closed chambert
Date of i
measurement Median sg Replicates J¢ Median sg Replicates
18-19 April 91 0.2 7 131 0.04 4
5-6 June 0o 1.72 6 0.0t 4] 4
14-15 June 00 1.74 L} 10.7 037 9
4-5 July 58 048 4 12.7 0.33 6

* Consecutive traps from two plots.

t Triplicate or duplicate air samples taken approx. 60 min after sealing the chamber from two plols.

molecular sieve for N,O was 95% in a laboratory
atmosphere (20°C), but decreased with increasing
humidity at saturation. Nitrous oxide concentrations
for inlet and outlet air were adjusted accordingly,
assuming a loglinear decrease in N;O absorption
efficiency from 99% at a relative humidity of 50% to
75% at saturation.

In addition, N;O was measured by the closed-
chamber technique at Glencorse Mains. Closed cham-
bers are usually shallow to allow an increase in N,O
concentration to measurable levels in the shortest
possible time, and this was true for our design
{150 mm high). The closed chamber was therefore only
suitable for the short ryegrass crop at Glencorse
Mains. Nitrous oxide emissions measured by open
and closed chambers here were in good agreement, in
spite of a 24-h time delay between open- and closed-
chamber measurements on the same plot (Table 4).
Only in July were differences between open and closed
chambers significant {p=0.03). Technical problems
with the gas chromatograph when air samples from
the closed chambers were taken in July may have
resulted in inaccurate N, O emission rates. The N,O
cmission rates measured by trapping in July were in
good agreement with simultaneous closed-chamber
measurements fromn plots at Glencorse Mains by Arah
et al. {1992) (60.8 ng N;O-N m 25" ! on 4 july).

Rates of N,O emissions averaged over the 1 to 7
days of the measurement period ranged from below
the limit of detection {3) to 91 ng N,O-N m~2 s~}
(Table 1). These results are at the lower end of the
range in Bouwman’s (1990) review of data for pub-
lished studies on fertilized fields {0.6-520 ng N,O-N
m-¥s™ 1)

Although variations in N, emission rates with soil
temperature were not obscrved this may have been
due to the fact that insufficient N,O flux measure-
ments were tnade. For N,O evolution by microbial
nitrification and denitrification, activation energies
ranging from 28 to 166 kimol ™" have been reported
(Conrad et al., 1983). These values compare with the
activa‘tion energies calculated for NO emissions.

Effect,of soil moisture

Nitric oxide and N,O fluxes were affected by
changes in soil moisture contents following rainfall.
NQ emissions decreased with increasing rainfall (r?
=0.71 for 17 df at fertilized plots at Glencorse Mains;
{r?=0.58 for 15 df at Howmuir) (Fig. 5). Correlations
between NO cmission and rainfall were better than
between NO emission and the soil moisture content,
averaged over the top 100 mm of the soil. The amount
of rainfall received was only sufficient to change the
s0i] moisture content of the top 30 mm (Table 1) and
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Fig. 5. The effect of rainfall (cumulative rainfall for 3

days) on the NO flux {median, n> 50) [rom a sandy

loam soil cropped with winter wheat at Howmuir,
21-27 July 1990.

would not be accurately reflected by the bulk soil
moisture content. The good correlation between NO
emission and soil motsture content at the soil surface
(indirectly measured by rainfall), suggests that NO
production does occur close to the soil surface. At
Glencorse Mains, NO was emitted most rapidly im-
mediately after the second fertilizer application in
June. The total rainfall in the 5 days before the flux
measurement was less than 1 mm and the average air
temperature was 12°C. As no rainfall was forecast for
the days following fertilizer application, the plots were
watered: 57/ m~? were applied, equivalent to 5 mm of
rain, which would have transferred the bulk of the
fertilizer into the top few centimetres of the soil. The
lack of rainfall and the relatively low soil moisture
content (compared to the April figures) suggest that
the surface layer of the soil was well aerated. Such soil
conditions are necessary for nitrifiers to operate. The
comparable NO flux in April was much lower {Table
1) and was associated with a larger total amount of
rainfall (10.5 mm in the previous 5 days) and a higher
soil moisture content. The average daily air temper-
ature was 7.4°C and therefore the potential evapor-
ation from the soil was considerably smaller. The soil
was therefore likely to have been less well aerated than
in June, which would favour denitrification. Johans-
son and Granat (1984) also observed a decrease in NO
emission in response 1o heavy rainfall. For extremely
dry soil conditions, however, wetting was shown to
increase the NO flux between a factor of 2 to a factor
of 20 (Galbally, 1989). This is a commonly observed
feature of soil microbial processes (Alexander, 1977).

Nitrous oxide emissions increased with increasing
rainfall and soil moisture content {r?=0.924, df=8)

U. SKiba et al.
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Fig. 6. The effect of the soil moisture content (% of

dry weight) on the N,0O emission (median, n=2-7)

from a fertilized clay loam soil cropped with ryegrass
at Glencorse Mains.

(Fig. 6). The dependence of N,O emission on soil
moisture is further illustrated by comparing the N,O
emission rate at Glencorse after the first and second
fertilizer application (Table 1). N,O was not emitted
immediately after the second fertilizer application,
The lack of rain ensured that the top soit layer was well
aerated, thus preventing the development of anaerobic
microsites where denitrification or production of N,O
by nitrification could have occurred. Movement of
fertilizer into lower, less aerated, zones was also
prevented. However, a high N,0 flux was observed
when plots were resampled 3 weeks later, following
sufficient rainfall to move some of the fertilizer to
lower soil layers and reduce the aeration of the topsoil.
This delayed N,O emission was also observed by
Arah er al. (1992) on other plots at the same site.

Effect of fertilizer

Nitric oxide and N,O fluxes strongly depended on
the concentration of soil-available NH; and NOj,
For NO a significant correlation with soil-available
NH; and NO; was observed (r?=0.89 for NH], r?.

4

=0.86 for NO;, df=8), overriding other variabies ™ ©
such as soil moisture content, soil temperature and

soil type (Fig. 7, Table 1). At Glencorse Mains there .,
was always a net uptake of NO by both unfertilized
plots and by the fertilized plots when the sofl NH;
concentration decreased toless than 8 pg N g™ ! soil !
and soil NO toless than 0.5 ug N g~ ! soil. Stomatal
absorption of NO by plants (as discussed earlier)
appeared 1o be the cause of the small daytime absorp-
tion of NO. Fertilized plots generally emit more NQ
than nonfertilized plots (Galbally, 1989; Williams
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Fig. 7. The effect of soil available NH] and NO

on the NO flux {median, n=30-600) from a clay

loam doil cropped with ryegrass at Glencorse

Mains and sandy loam soils cropped with winter
wheat at Drylawhill and Howmuir.

and Fehsenfeld, 1991). Some investigators have noted
a stimulation in NO flux with NOj fertilizers
(Sanhueza et al, 1990) whereas others found a
greater .stimulation with WH; and urea fertilizers
(Slemr and Seiler, 1984). In this study NH; and NOjJ
were added simultaneously. It is not possible, there-
fore, to separate the dependence of NO emission on
the NH,; component from that on the NO; compon-
ent. However, the negative response of NO emission
to increased rainfall suggests that NO was mainly
produced under acrobic conditions, which favour
nitrification. Nitric oxide emissions would therefore be
expected to be stimulated by NH fertilization to a
greater extent than by NO; fertilization.

For N,O the relationship with soil N was more
complicated. At Glencorse Mains N fertilization did
not increase N,O emission unless the soil moisture
content was high (compare 14/15 June with 4/5 July,
Table 1). At Howmuir N,O was not emitted from the
plots. The soil-available NO; was small (4mg N
kg1, but the NH; concentration in the soil was
large (36 mg N kg™ ') it is not clear whether the
absence of N,O here was due to an inhibition of
nitrification, or to nitrification without any detectable
N,O production. At Drylawhill soil-available NO7
and NH; were both large (96 and 72mg N kg™1),
respectively) and NO and N,O were emitted (Table
1), Whether nitrification or denitrification was the
main pathway operating is not clear.

Effect of soil physical properties
In this study NO and N,O emissions were meas-
ured from a clay loam soil and two sandy loam soils.

Sandy loam soils have a high proportion of large pores
and therefore tend to be well aerated, whereas in fine-
textured soils such as a clay loam, regions of low O,
polential, necessary for N,O production, will occur
more readily (Groffman and Tiedje, 1991). We found
that, provided the available nitrogen concentration in
the soil was sufficient to allow nitrification or denitri-
fication to occur, after prolonged rainfall N,O was
emitted from the clay loam soils, but not from the
sandy loam soil (compare Howmuir, 20-25 June, with
Glencorse Mains, 4-5 July, Table 1). Smith and Arah
(1990) also reported that on sandy loam soils high
denitrification rates were less iikely than on clay loam
soils. For NO emission rates the results shown in
Table 1 are less conclustve. Comparison of individual
data points, rather than means, showed that after long
dry periods NO emissions from the sandy loam were
occasionally very high, ranging from 3.99 t0 20.5 ng
NO-N m~? 57! for Drylawhill, 10-12 May. Under
similar dry conditions at Glencorse Mains, 14-15
June, NO emissions from the clay loam soil did not
exceed 4.75 ng NO-N m ™% s . These results suggest
that high rates of NO emission were associated with
coarse-textured soils and high rates of N,O emission
with fine textured soils. Further work is necessary to
substantiate these claims.

NO/N,O emission ratio

Laboratory studies have shown that for nitrifiers
the NO/N,O emission ratio was greater than unity,
but for denitrifiers was less than unity, often around
001 (Lipschultz er al., 1981; Anderson and Levine,
1986). Direct extrapolation to the field situation may
be difficult, as nitrification and denitrification are
likely to take place simultaneously. Emission rates of
the gases produced in the soil depend, amongst other
factors, on the diffusivity of the soil. This work,
however, suggests that, even for the more heteroge-
nous field situation, the molar NO/N,O emission
ratio may provide an indication of the main pathway
involved in the observed NO and N,O emission. The
NO/N;O emission ratios for the fertilized plots at
Glencorse Mains, Howmuir and Drylawhill are pre-
sented in Table 5. The ratio varied widely from > 100
(when only NO was emitted) to <0.001 (when only
N,O was emitted). Correlations between the
NO/N,O emission ratio and soil moisture cantent (r?
=0.48, df=15), cumulative rainfall {r*=0.34, df=15)
and soil texture (r’=0.25, df=15) were significant;
those with soil-available N and soil temperature were
not significant, NO/N,O emission ratios greater than
unity were observed for soil conditions that favour
nitrification: the sandy loam soils at Drylawhill and
Howmuir, and the clay loam soil immediately after the
second fertilizer application. This was after a Jong
period without rain, which allowed the soil to become
drier and therefore better aerated, thus inhibiting the
action of denitrifiers, while not becoming so dry as to
inhibit aerobic microbial activity including nitrific-
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Table 5. NO/N,O emission ratios for all fertilized plots

Date of

Crop, location

measurement

NO/N,O

Winter wheat:
Drylawhill plot 1
plot 2
plot 3
plot 4
Howmuir plot 1
plot 2
plot 3
plot 4
Ryegrass:
Glencorse
Mains

plot 1
plot 2
plot 1
plot 2
plot 1
plot 2
plot 1
plot 2

10 May

i1-12 May
11 May 1.1
12 May

20-21 June
21-22 June
22-25 June 91*
25-26 June

18-19 April
20 April

5 June

6 June

14 June 208
15 June 465
4 July
5 July

453+
0.12

2050*
479
148+

169*

46x1073
43x 107
T1x 1074
72x 1074

S5.1x 107+
32x107%

Mean flux (ng N m~257") for periods when NO and N,0 were

measured simultaneously,

* For zero N;O fluxes assume 0.01.
1 For negative NO fluxes assume 0.01.

ation. The lack of rain also ensured that the buik of the
applied fertilizer remained in the top few centimetres
of the soil. Low NO/N,O emission ratios typica) for
denitrifiers were only observed for the clay loam soil.
At Drylawhill a NO/N,O emission ratio-of 0.1 was
observed for plot 4. Considering the large concentra-
tion of soil-available NOj, both nitrification and
denitrification may have both been responsible for the
osbserved NO and N,0O emissions.

SPECULATION ON ANNUAL NO AND N,0 EMISSION
RATES

An attempt was made to calculate annual rates of
NO and N,O emission for fertilized agricultural land
in the U.K. Estimates were based on the assumption
that NO was emitted at an average rate of 5-15 ng
NO-Nm~?*s~!for 180 days per year. The lower value
(5ng NO-N m~2? s™!) was the average NO flux
measured over a barley field in Scotland between April
and July 1985 (DoE, 1990), and agrees with the larger
rates of NO emission measured at Glencorse Mains
(44ng NO-Nm~?s7!'} and Drylawhill (6.9 ng
NO-Nm~%s77) (Table 1). The lower NO emission
rates observed in this study were not included, as the
range observed here was already very low compared
to values quoted elsewhere (Bouwan, 1990). The upper
value (15 ng NO-N m~2 s~ ') was the average annual
rate of NO emission for fertilized cultivated land in
temperate climates compiled by Bouwman (1990) As
NO is a product of nitrification it is likely to be
emitted for at least the period when conditions are
warm enough for crop growth, i.e. of the order of 180

days. The production of N,O requires a low oxygen
tension, and therefore is much more variable in time
and space. High rates of N;O emission are generally
confined to the first 2 to 3 weeks after fertilizer
application (Ryden et al., 1981). Bolle (1986) estimated
that for cultivated fields 0.5 to 2% of the added N
fertilizer is released as N,O. For Drylawhil! and
Glencorse Mains the N,O emission accounted for
0.5-1% of the fertilizer added, assuming that the
emission rates were maintained for 21 days at the
median levels observed, i.e. 28.2and 91 ng Nm 2571,
respectively. This estimate is likely to be a conserva-
live one, as N,O flux measurements were not neces-
sarily carried out when N,O emission rates were
largest.

Based on these assurnptions we estimated that for
fertilized crop and grassland in the U.K., the annual
NO emission would be between 0.013 and 0.038 Tg
NO-N and the annual N,O emission would be be-
tween 0.008 and 0.031 Tg N,O-N. In the U.K. fertil-
ized agricultural land would account for 2-6% of the
total annual NO, emission (0.6 Tg NO,-N; DoE,
1990) and for 16-64% of the total annual N,O
emission (0.8 Tg N,O-N for Europe; Prather, 1988).

CONCLUSION

This study has shown that both NO and N,0 were
emitted from agricultural soils cropped with winter
wheat or ryegrass. Rates of NO emission ranged from
0.005 to 69 ng NO-N m~2 s~! and rates of N,0
emission ranged from 0 to 91 ng N;,O-Nm™ 25!,
Nitric oxide emissions increased with increasing soil
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temperature. Activation energies ranged from 40 to
205 kJ mol ~! and were of the same arder as those for
microbial nitrification and denitrification (18-166 kJ
mol~!) (Conrad et al., 1983). For N,O emissions the
data set was not extensive enough to establish a
temperature dependence,

Rates of NO and N, O emission were largest shortly
after the application of nitrogen fertilizer. When the
available nitrogen in the soil cropped with ryegrass
was depleted 1o <0.5 mg NO3-N kg™ ! soil and 7 mg
NH{-N kg ™! s0il, NO and N,O were not emitted. In
those conditions, NO was absorbed by the vegetation
and soil at a maximum rate of 0.31 ng NO-N m™"
s~ !, equivalent to a deposition velocity of 1.2 mms™".
The same applied to grassland plots that had not
received nitrogen fertilizer for at least 2 years.
Whether, after fertilizer application, NO or N,O was
the major gas emitted depended on factors that influ-
ence the aeration of the soil. Periods of low rainfall,
and consequently low soil moisture contents in the
surface horizon, stimulated NO production. Under
such conditions the NO/N,O emission ratio was
> 100.

Nitrous oxide was the main gas emitted under
conditions of low soil aeration. A reduced oxygen
potential is a prerequisite for denitrification by nitri-
fiers and denitrifiers. NO/N,O emission ratios
<0.001, which are typical for denitrification, were
only observed for the clay loam soil during periods of
heavy rainfall.

It was estimated that in the U.K , fertilized agricul-
tural land would account for 2-6% of the total NO,
emission and for 16-64% of the total N,O emission.
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