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Abstract
In grazed-pastures animal treading is an important
cause of soil compaction. Soil compaction influences
the denitrification rate as well as the amounts of
nitrous oxide (N

2
O) and dinitrogen (N

2
) production

in the soil mainly through its impact on soil moisture
conditions and porosity. A field exper iment was
undertaken to determine the loss of nitrogen (N)
through N

2
O emission from different N sources as

affected by a compaction treatment. Experiment
comprised of two main treatments (uncompacted and
compacted) to which four N sources (cattle urine,
potassium nitrate, ammonium sulphate and urea at
the rate of 600kg N/ha) and a control (water only)
were applied, each replicated four times. Compaction
was obtained through driving close parallel tracks by
the wheels of the vehicle . Var ious soil properties
related to soil compaction (bulk density, water filled
pore space (WFPS), oxygen diffusion rate (ODR))
were measured. The N

2
O fluxes were measured for 3

months (between 10th  September and 4 th December,
2002) using closed chamber technique.

Overall, the bulk density of compacted soil was
12.8 % higher than that of the uncompacted soil.
Results suggest that maximum compaction occurred
in the top 0-2 cm layer. Soil matric potential measured
at the 0-5 cm soil depth suggests that uncompacted
soil had lower water content, except at low matric
suctions, than compacted soil. The ODR in
uncompacted soil was 79.3% higher than that in the
compacted soil. Compaction caused a seven fold
increase in N

2
O emission. Nitrate source was the most

effective of all the treatments in causing potential
emission. Under compacted soil 9.87% of the total N
applied in form of nitrate was emitted whereas under
uncompacted soil this loss was only 0.54%. N

2
O loss

was found to decrease progressively from the time of
application of N treatments. Total N

2
O emission for

the three month experimental period ranged from 2.62
to 61.74 kg N

2
O-N/ha for compacted soil and 1.12 to

4.37 kg N
2
O-N/ha for uncompacted soil.

Keywords : compaction, grazed pastures, N-
fertilisers, nitrous oxide emissions, urine-N

Introduction
Return of gaseous N (mainly as N

2
) to the atmosphere

via denitrification is a major pathway for N loss from
soils of natural and agricultural ecosystems (Koops
& Oenema 1994). Nitrous oxide (N

2
O), a minor

product of denitrification is an important greenhouse
gas and it interferes with the formation of stratospheric
ozone and also accelerates its destruction (Crutzen
1976). Increasing atmospheric concentrations of N

2
O

are expected to play a key role in altering the earth’s
climate (i.e. global warming). It is therefore important
to quantify the sources and sinks of this gas and to
examine the influence of anthropogenic activities on
the exchange rates.

The emission of N
2
O from soils, during nitrification

and denitrification is controlled by factors such as
oxygen supply, water content, temperature, soil pH,
organic matter, and N sources. In addition to these,
several soil management practices such as tillage, soil
compaction (Staley et al. 1990; Hansen et al. 1993),
irrigation and drainage (Mosier et al. 1986) affect the
production and release of N

2
O by inf luencing soil’s

physical conditions (i.e. aeration and soil water
content). Soil surface conditions can have a major
impact on denitrification through its direct effect on
soil aeration and indirect effect on N transformations
(Arah et al. 1991). Compaction is a particular problem
in moist, temperate climates (Douglas & Crawford
1993). It alters soil N transformation rates and
processes, especially mineralization and
denitrification, which leads to reduced N uptake by
plants (see Table 1). These changes can mostly be
attributed to changes in soil moisture level resulting
from increased bulk density (reduced porosity) (Linn
& Doran 1984.). The negative impact of soil
compaction on crop production is well established
(Bakken et al. 1987). Soil compaction has also been
shown to promote denitrification. For example,
McTaggar t et al . (1997) and Hansen et al. (1993)
observed that soil compaction increased N

2
O emission

by 100% from an imperfectly drained clay loam and
by 36% on a sandy loam soil, respectively.

In grazed-pastures, animal treading is an important
cause of soil compaction. Treading damages plants
directly and also has an indirect effect on pasture
growth through soil compaction and puddling (Tollner
et al. 1990). In New Zealand, in an all-grass wintering
system, cattle are often hard grazed on pasture
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throughout winter and early spring. In
this system, especially when the soil is
wet, cattle treading causes significant soil
compaction. More recently farmers in
New Zealand have increased the cattle:
sheep ratio in order to maintain
profitability and to reduce labour
requirements (Betteridge et al . 1999). As
cattle exert greater static loadings (up to
400 kPa) than sheep (50-125 kPa) (Willatt
& Pullar 1983; Thomas et al. 1990), this
increased ratio has increased the risk of
damage to soils. Moreover the dynamic
loading from moving animals can be
more than double those of stationary
animals, and on wet or loose soils bearing
capacities may be less than 100 kPa
(Chancellor et al. 1962).

Greater understanding of the effect of
soil compaction on N

2
O emissions is

needed to devise strategies for reducing
these emissions. The present study was,
therefore, undertaken to determine the
loss of N through N

2
O emission from

different N sources as affected by
compaction treatment. The effect of
compaction on N

2
O emission was

examined in relation to its effect on some
of the soil physical properties.

Material and methods
A field experiment was conducted
during September-December 2002 on
sheep-grazed permanent legume-based
pasture at Massey University Frewens
Research Block,  Tur itea campus,
Palmerston North (New Zealand). A plot
was fenced off a week before the
commencement of the experiment to
avoid further stock access during the
experimental period. The soil at this site
is a Manawatu fine sandy loam, classified
as weathered fluvial recent soil. Grid
reference of the location is NZMS1,
N149/101305 (Hewitt1993) at latitude of
40Ë%23’S and longitude of 175 Ë%37’E.
The research farm is located 40 m above
mean sea level. The 30 years mean
rainfall during September-December
ranges between 82-90 mm/month and is
fairly evenly distributed. The rainfall
during 2002 was 73 mm, 67.6 mm and
45.4 mm for the months of September,
October and November, respectively.
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The experiment comprised of two main treatments
(uncompacted and compacted) to which four N
sources (natural cattle urine, potassium nitrate,
ammonium sulphate and urea all at the rate of 600 kg
N/ha and a control (water only) were applied, each
replicated four times. Compaction was obtained
through driving close parallel tracks by the wheels of
the vehic le. Total pressure of the vehicle on the
ground was 632 kPa.

Nitrous oxide measurement
The N

2
O fluxes were measured between 10 September

and 4 December 2002 using the closed chamber
technique (Saggar et al. 2002). Four chambers per N
treatment were used. The chambers, 250 mm in
diameter, were inserted about 100 mm into the soil.
Chamber heights were measured to calculate the
volume of each chamber . During the fir st week
measurements of the N

2
O emissions were made daily

to capture major changes in N
2
O fluxes. This was

followed by measurements on alternate days for two
months and then by once a week for rest of the
experimental period as the fluxes decreased,
approaching the background levels. Everyday after
sealing the chamber with lids, three gas samples were
taken from each chamber at times t

0
,  t

30 
and t

60 
(Time

0 min, 30 min and 60 min after closing of the chamber,
respectively).The gas samples collected were then
analyzed using a Shimadzu GC-17A gas
chromatograph with a 63Ni-Electron capture detector
and N

2
O (mg/m2/hr1) flux was estimated from the

measurements made at three time periods (t
0
, t

30 
and

t
60

).

Soil sampling
Soil bulk density of the compacted and uncompacted
treatments was determined using undisturbed soil
cores. Cores were 4.75 cm diameter and 2 cm in
height. Four soil samples were collected randomly
on everyday of N

2
O measurement from each treatment

from 0-5 cm and 5-10 cm depths to determine soil
water content. Field moist soil samples were weighed
(M

t
) and oven dried (105 o C) to a constant mass (M

s
).

Gravimetric soil water content (SWC) was calculated:
SWC = ((M

t
-M

s
)/M

s
) x100

The volumetric soil water content was then
calculated by multiplying the gravimetric SWC with
the soil bulk density. The WFPS was calculated as
follows:

WFPS = [(gravimetric water content x soil bulk
density) / total soil porosity]

Where, total soil porosity was calculated by the
formula

Soil Porosity = 1 – (bulk density/ particle density);

assumed 2.65 g/cm3 as the particle density of the soil.

Oxygen diffusion rate (ODR)
ODR was measured by using the ‘Jensen Instruments
Microelectrodes’ (Glinski & Stepniewski 1985). It was
measured in the field in the beginning of the
experiment at 5 and 10cm soil depth, replicated four
times. The ODR was calculated using the equation:

ODR = 0.059 x observed microelectrode current
in microamperes (µg/cm2/min)

Statistical methods
A split- plot design with compaction as the main
treatment and N sources as sub plot treatment. Means
and standard error of means were calculated for bulk
density, WFPS and water retentivity values. Total
emission data was subjected to an analysis of variance
to determine the statistical significance of compaction
(n = 24) and N sources (n = 8), using SAS for
Windows software package. Calculated indices were
analysed using a test of least significant difference
(LSD). The 5% confidence level is regarded as
statistically significant.

Results and discussion
Soil physical characteristics
Compaction was successfully achieved through
driving close parallel tracks as indicated by the
changes in soil bulk density (Table 2), soil matric
potential (Figure 2) and ODR data.

Overall, the bulk density of compacted soil was
11.0% higher than that of the uncompacted soil.
Although within 0-6 cm soil depth, bulk density under
compacted soil was higher in all the three soil depths
(0-2 cm, 2-4 cm, 4-6 cm), the difference between the
compacted and uncompacted soils decreased with
depth (Table 2). These results suggest that maximum
compaction occurred in the top 0-2 cm layer. Similar
changes in bulk density caused by compaction have
been reported elsewhere (Ball et al. 2000; Tober t &
Wood 1992).

Soil water content measured at the three matric
suctions of 0.1, 1 and 15 bar at the 0-5 cm soil depth
suggested that uncompacted soil had lower water
content, except at low matric suctions, than compacted
soil (Figure 2). At 0.1 bar suction, which represents
field capacity, water content in uncompacted soil was
22.7% higher than the compacted soil. At the 1 bar
and 15 bar suctions compacted soil had 15.6% and
4.3% higher water content values than in
uncompacted soil. The results could be explained on
the basis that compaction is known to decrease total
porosity by decreasing the number of large
interaggreate pores. It is the macropores that drain at
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low suction ranges hence lower water
content was recorded for compacted soils
at 0.1 bar suction. On the other hand, the
volume of intermediate size pores is likely
to be somewhat greater in a compacted
soil as some of the original large pores
have been squeezed to intermediate size
pores by compaction. This supports the
results of water retention obtained at 1 bar.
At high suction value of 15 bar the water
content was found to be similar in both
compacted and uncompacted soils (Figure
2). Soil moisture in uncompacted soil at
0.1 bar suction was found to be
significantly higher than compacted soil.

ODR in uncompacted soil was 90.9%
higher than that in compacted soil
suggesting that soil was compacted. The
mean ODR value at 5 cm soil depth was
found to be 0.22 (±0.16) and 0.42 (±0.22)
µg/cm 2/min for compacted and un-
compacted soil,  respectively. ODR is a
function of total porosity in the soil, which
in turn is influenced by compaction. ODR
is also affected by the water content of
the soil. During the initial period of the
experiment heavy rains caused ponding
of water in compacted soil leading to
completely saturated soil. Differences in
ODR between compacted and un-
compacted can also be attributed to this.

Water filled pore space (WFPS) dif fered
slightly between compacted soil (0.73 to
1.30) and uncompacted soil (0.72 to
1.17). The compacted soil remained
saturated for most of the study period.
Torbert & Wood (1992) repor ted tha t
WFPS is useful as an index of soil N loss
via denitrification, and bulk density plays
a major role in controlling N

2
O emissions.

N2O emission
Effect of compaction
The total N

2
O fluxes for the entire

experimental period were found to be in
the range of 2.62 (±0.72) to 61.74
(±10.83) kg N

2
O-N/ha for compacted soil and 1.12

(±0.36) to 4.37 (±0.92) kg N
2
O-N/ha for uncompacted

soil (Table 3). The total N
2
O losses for compacted

soil were found to be significantly higher than
uncompacted soil (Figures 3 and 4). Compaction
caused a seven-fold increase in N

2
O emission

ir respective of N source (Table 3). Plausib le
explanation for these results is that soil compaction

shifted soil conditions to an anaerobic state, resulting
in reduced aerobic microbial activity and increased
denitrification. Both decreased aerobic respiration and
increased denitrification with increasing WFPS are
caused by a reduction in oxygen diffusion through
soil (Doran et al. 1988). Compacted soil remained
saturated for majority of the time during our study
and is likely to have reduced the proportion of larger
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Table 2 Distribution of bulk density (mg/m 3) with depth for
compacted and uncompacted soil.

Depth (cm) Bulk density Mean
compacted Uncompacted

0-2 1.40 1.18 1.29
2-4 1.30 1.18 1.24
4-6 1.23 1.19 1.21
Mean 1.31 1.18
LSD(0.05) LSD(0.05) LSD(0.05) LSD(0.05)
Compacted vs. Depth Compaction vs. Depth vs.
uncompacted depth compaction
n=9 n=3 n=6 n=6
0.04 0.01 0.03 0.03
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Figure 1 Distribution of rainfall and WFPS during the experiment.

Figure 2 Effect of compaction on soil water retentivity at 0-5cm
depth. Each value represents a mean of four replicates
with standard deviation shown by vertical bars.
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pores, resulting in more soil pores
being filled with water. Also the
continuity of pores was probably
reduced with increasing bulk density,
resulting in reduced oxygen
diffusion.

An initial low emission period (for
all N sources except nitrate) was found
under compacted soil, but not under
uncompacted soil (Figures 3 and 4).
During the initial phase of the
experiment heavy rains caused
complete saturation of the soil as
shown by high WFPS. Compaction
caused reduced infiltration (not
measured), leading to ponding of
water within the chambers. These
reducing conditions caused some
pasture death and lowered the
nitrification rate. These conditions are
consistent with flooded hoof marks
left in pastures badly damaged by
winter cattle treading . As the soil
conditions improved, the nitrification
process increased, leading to an
increase in N

2
O emission. As

completely saturated conditions were
not found under uncompacted soils,
the emissions were much more
consistent.

Effect of N sources
The N sources were found to affect
the N

2
O emissions, with the effect

being more pronounced in compacted
soil. The total N

2
O emission from the

control treatment ranged between
0.001 to 0.079 kg/ha/d. The nitrate
treatment resulted in higher N

2
O

emission ranging from 0.01 to14.02
kg/ha/d. There were no significant
difference in N

2
O emissions from

urine, ammonium and urea treated
pasture. Nitrate provided a ready
source of N for denitrification to
occur, whereas, for the rest of the
sources N must undergo nitrification
prior to denitrification. Rates of
nitrification in grassland soils are
relatively slow compared with the
process of denitrification (Abbasi &
Adams 1998). The high soil moisture
conditions that prevailed under
compacted soil in the beginning of the
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Figure 3 N
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Figure 4 N2O fluxes (kg N/ha/d) under the uncompacted treatment.
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Table 3 Total N
2
O-N emitted (kg N/ha) over the experimental period from

the N Sources applied under compacted and uncompacted soil.

Treatment ————— Main Plots —————
Compacted Uncompacted Mean

Urine 9.17 2.94 6.05
Nitrate 61.74 4.37 33.05
Ammonium 9.17 2.64 5.90
Urea 9.11 2.13 5.62
Water 2.62 1.12 1.87
Mean 18.35 2.64

LSD(0.05) LSD(0.05) LSD(0.05)
Compacted vs. Compacted + Treatments
uncompacted uncompacted mean n = 4
n = 24 n = 8

3.43 3.93 5.94



98 – File identification only

experiment further hindered the nitrification process.
Thus the fluxes and total losses of N may be expected
to be lower than under normal soil conditions.

Both under compacted and uncompacted soils the
nitrate treatment emitted the highest amount of N

2
O

(Figure 5). The percentage values of added N lost as
N

2
O are 9.87%, 1.09%, 1.09% and 1.08% for nitrate,

ur ine, ammonium and urea, respectively. Under
uncompacted soil, nitrate source emitted the highest
percent of the total N applied, though the emission
was not as high as in compacted soil. The values were
0.54%, 0.30%, 0.25% and 0.16% for nitrate, urine,
ammonium and urea, respectively. Abassi & Adams
(2000) reported that N

2
O emissions from soils to

which nitrate had been added were 3-8 times greater
than those where ammonium was added. McTaggart
et al. (1997) and Velthof et al. (1997) drew similar
conclusions from N

2
O measurements from grassland

soils.
Soil compaction restricts oxygen diffusion within

the soil, and may lead to changing N transformations
and particularly increased N

2
O production rates

(Oenema et al. 1997). Due to restricted soil aeration,
high release of N

2
O occurred, especially in cases

where soil NO
3
 concentration was not a limiting factor.

Results were supported by the findings of Bakken et
al . (1987) and Hansen et al . (1993). They found
significantly higher gaseous N losses from compacted
than from uncompacted soil.

Nitrous oxide loss was found to decrease
progressively from the time of application of various
sources except for nitrate. This was different for both
compacted and uncompacted soils and for all the
sources applied (Figures 3, 4 and 5).

Other soil parameters (i.e. soil nitrate, ammonium
and extractable organic carbon) were measured to
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correlate them with the N
2
O

emissions, the results of which will
be discussed in a subsequent paper.

Conclusions
Soil compaction caused a seven-fold
increase in the N

2
O flux. Highest

emissions were measured with nitrate
application. From the compacted soil,
about 10% of the total N applied as
nitrate was emitted whereas the
emission was 0.5% from the
uncompacted soil. There were no
significant differences in emissions
among the other three sources (urine,
ammonium and urea), which were
about one-tenth and one-third of
those from nitrate in the compacted

and uncompacted soils, respectively. These emissions
may represent the maximum potential loss of N as
the soils remained wet during most of the study
period. Our preliminary results from a current study
where N was applied under dry soil conditions also
indicate very low emissions.

The differences between N
2
O emissions from

compacted and uncompacted soil are so large that
the relationship between the period of grazing and
climatic conditions will be important in determining
actual N

2
O loss. Research to quantify N

2
O loss from

New Zealand pastures will have to consider this and
should be designed to accommodate the temporal and
spatial variability including age of urine spot, soil
compaction, soil moisture and temperature conditions.
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