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Abstract of a thesis in partial flJlfilment of the requirements for the degree of 
Doctor of Phllosophy in Soil Science 

Nitrous oxide emission from intensive grassland in Canterbury, New Zealand 

by 

Christoph MUller 

I 

The work presented in this thesis was carried out in three phases: a study phase, an observation 

phase and an application phase. 

In the first phase, estimates of nitrous oxide emissions from New Zealand were made with two 

methods. The first method used available N20 flux data from earlier studies and related them to 

ecosystems in New Zealand while the second method used regression equations to calculate the 

amount of N20-N lost from nitrogen inputs into these ecosystems. The mean emissions estimated 

using the two methods were 71,000 and 79,000 tonnes N20-N year-I respectively for New Zealand 

with uncertainties of 30 to 40 %. 

Two field experiments were carried out during the observation phase. Experiment one (December 

15, 1992 to December 22, 1993) focused on the quantification of nitrous oxide emissions and the 

factors driving the gas flux from urine-unaffected, urine-treated and ploughed young « 5 yrs.) 

intensive grassland. The treatments were simulated autumn and spring ploughing events and the 

simulation of single sheep urination events in summer, autumn, winter and spring using synthetic 

urine at a rate of 500 kg N ha- I. 

A soil cover technique was used to collect gas samples in the field. Daily nitrous oxide losses, 

averaged over a year for the urine-unaffected background plots, the spring and autumn ploughing 

events and the summer, autumn, winter and spring urine applications were 0.7, 1.5, 1.3, 1.2, 5.1, 

2.7 and 3.7 g N20-N ha-I day-I respectively. Compared to the background emissions, the ploughing 

events resulted in doubling of the nitrous oxide emissions, with the urine-affected areas emitting 

approximately 1.5 to 7 times more nitrous oxide. Nitrogen lost as N20-N from the applied nitrogen 

in the urine patches amounted to 0.08, 0.37, 0.20 and 0.27% for the summer, autumn, winter and 

spring applications respectively with uncertainties (CV) of approximately 10 to 38%. 

Dinitrogen fluxes were measured by the 15N method (the synthetic urine was labelled with 15N at 

an enrichment of 50 atm%) but 15N labelled gas fluxes were below the detection limit (approx. 200 

g N2-N ha-I day-I) most of the time. 



II 
Abstract 

In addition to gas flux measurements, soil moisture content, soil temperature, soil inorganic nitrogen 

(N03- and NH4 +), pH, conductivity and various micrometeorological observations were performed. 

It was observed that nitrous oxide emissions were mainly driven by a combination of soil water 

suction, soil temperature and soil inorganic nitrogen with 80 % of the total nitrous oxide from the 

four urine applications being lost when the soil water suction was below 150 cm (cm of water). 

During a second field experiment (April 1994) the relative proportions of nitrous oxide emitted by 

nitrification and denitrification as well as dinitrogen from denitrification were identified by 

selectively inhibiting the nitrification pathway and the last reduction step of the denitrification 

sequence. This determination was carried out by the in-field incubation of soil cores in the presence 

of 0 Pa, 5 Pa and 10 kPa acetylene. Results were combined with nitrous oxide measurements made 

concomitantly using the soil cover technique. Observations were made from urine affected young 

and old ( > 20 yrs.) intensive grassland each at three soil moisture levels « 55 cm, 55 - 150 cm 

and> 150 cm suction). Significant differences were observed among the soil moisture treatments 

but not between the two pastures. 

For each -soil moisture treatment, the fractions of the total nitrous oxide emitted by either 

nitrification or denitrification were regressed against the fraction of the total mineral-N present as 

either NH/-N or N03--N. The resulting linear relationships were used to calculate nitrous oxide 

fluxes from both nitrification and denitrification for the data set of experiment one. 

From the total nitrous oxide emitted by the four urine applications in experiment one, an average 

of 30 % (range 13 % (summer) to 57 % (spring» was calculated to be a result of nitrification. 

Similar relationships were developed for dinitrogen via denitrification. It was calculated that the N2 

flux during experiment one was on average 4.3 times higher (range 0.7 (winter) to 16.5 (summer» 

. than the nitrous oxide emissions. Comparisons with the 15N method showed that results calculated 

from the indirect acetylene method and the direct 15N method agreed well. 

Measurements of nitrous oxide emissions at several times throughout the days of observation during 

experiment two provided information about the diurnal characteristic of nitrous oxide fluxes. 

In the application phase of the work in this thesis, two mechanistic models were developed. From 
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Abstract 

the findings of experiment two a model was developed for the diurnal characteristic of nitrous oxide 

fluxes based on the Arrhenius function. It was found that the diurnal characteristic of nitrous oxide 

emitted from urine affected grassland is consistent with temperature induced activity changes of 

microorganisms in the top 5 cm of soil. 

Michaelis-Menten kinetics were applied in a second model using results from both experiments to 

calculate seasonal and annual nitrous oxide fluxes. The model is based on the determination of the 

Michaelis-Menten parameters, Y m and a and has soil water suction, soil temperature, soil inorganic 

nitrogen (NH/ and N03-) as well as rainfall as input parameters. In order to obtain Y m and a 

parameters the data set of experiment one (approximately 400 data points) was divided into two 

kinetic categories and further subdivided into temperature-suction classes. Unique parameters for 

each class were determined for each observation day during experiment one in order to calculate 

nitrous oxide fluxes from both nitrification and denitrification. 

The total modelled nitrous oxide flux was compared with the measured nitrous oxide using several 

validation tests, including a paired-t test and estimation of the sum of squares. It was found that the 

estimations by the model were within the range of measured uncertainties of nitrous oxide fluxes 

from the urine affected intensive grassland. 

It is concluded that more extensive data sets of nitrous oxide emissions and related factors are 

needed from different ecosystems and climatic regions. This would improve our understanding of 

nitrous oxide producing processes and would lead to the development of more accurate mechanistic 

models as well as reducing the uncertainties currently present in the estimates of the anthropogenic 

nitrous oxide flux from New Zealand. 
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Conversion table 

Nitrous oxide fluxes are presented in the literature in a variety of units. In this thesis the most 

commonly found unit: g N20-N ha- 1 day-l is used. The conversion table below can be used to 

convert g N20-N ha-1 day-l into other units found in the literature. 

Conversion table from g N20-N ha-1 day-l into other flux units for Nitrous oxide 

Units for 1 g N20-N ha- 1 day-l = 

Nitrous Oxide flux (multiplier) 

ng N20-:-N m-2 sec- 1 1.15741 

ng N20-N cm-2 h-1 0.417 

moles N20 m-2 h-1 1.488xlO-7 

mg N20-N m-2 h- 1 0.00417 

Ilg N20-N m-2 h-1 J).OOt1b 
L-y.\bb 

Other conversions 

= multiply by 1.57 
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CHAPTER ONE 

1. Introduction 

The study of greenhouse and ozone depleting gases has gained increasing importance in recent 

years. Research in this area is focusing on the sources, the sinks, as well as the atmospheric impact 

of those gases. 

Nitrous oxide joins the "freons" in being one of those few gases which qualify as both a greenhouse 

gas (with a relative potential for thermal absorption of approximately 150 times that from carbon 

dioxide) and an ozone depleting gas. Ambient concentrations of nitrous oxide have increased slowly 

from 288 ppby in AD 1750 until AD 1950, and then more rapidly to a current atmospheric 

concentration of 306 ppby (Duxbury et aI., 1993). It is currently increasing at a rate of about 0.25% 

per year (Robertson et aI., 1989). Since 1750 the contribution of this increasing nitrous oxide burden 

on potential global warming has become progressively larger (Duxbury et aI., 1993). 

Current thinking is that nitrous oxide is primarily emitted into the atmosphere as a result of 

microbiological activities in terrestrial ecosystems through the nitrogen cycle (Bouwman, 1990; 

Table 2-1). Studies of the mechanisms and the factors involved in nitrous oxide emissions from 

terrestrial ecosystems is therefore vital to a better understanding of the impact of both natural and 

human induced nitrous oxide emissions to the atmosphere. 

The work described in this thesis was aimed at gaining a better understanding of the nitrous oxide 

emissions from intensive pasture in New Zealand. More specifically, the main objectives of the 

study were: 

1. Quantitative determination of nitrous oxide emissions from intensive grassland I i.e. 
from urine-affected and non urine-affected areas. 

2. Determination of the microbiological and/or non-biological mechanisms responsible 
for nitrous oxide production in urine and non urine-affected areas. 

3. Determination of the factors leading to nitrous oxide evolution in urine-affected and 
non urine-affected areas. 

'intensive grassland' refers to grassland with a high level of pasture production (usually a rye grass
white clover mixture), high stocking rates and high animal production. 



2 Introduction 

This thesis is divided into nine chapters. This introductory chapter is followed by an overview of 

the mechanisms and the soil and environmental factors involved in nitrous oxide emission from soil. 

The third chapter was written as part of an inventory report of nitrous oxide for New Zealand. 

Nitrous oxide emission data from different ecosystems world-wide were applied to ecosystems in 

New Zealand to estimate the nitrous oxide budget for the whole of New Zealand (Sherlock et aI., 

1992). Materials and methods used in the studies are described in the fourth chapter. 

Chapter five focuses on the results from a preliminary field experiment and two main field 

experiments: experiment one and two. In addition a nitrogen balance is presented for one urine 

application and the micrometeorological conditions throughout experiment one and two are given. 

The next chapter puts the results described in chapter five into the context of the environmental and 

soil factors involved in nitrous oxide production. Chapter seven describes further results from the 

field incubation study (experiment two) which were combined with measurements of nitrous oxide 

emissions and soil and environmental factors to obtain information about the mechanisms involved 

in nitrous oxide production as well as the dinitrogen fluxes from urine-affected intensive grassland. 

Results from experiments described in chapters five to seven were used in chapter eight to create 

two mechanistic models to describe the diurnal pattern of nitrous emissions based on the Arrhenius 

relationship as well as annual nitrous oxide emissions based on Michaelis-Menten kinetics for urine

affected intensive grassland. The last chapter brings together the results from the previous four 

chapters and discusses in more detail their implications for the more accurate estimation of nitrous 

oxide emissions from New Zealand. In addition the initial calculations in Chapter 3 are revised and 

conclusions and recommendations for future research are given. 
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CHAPTER TWO 

2. Literature review 

2.1. Introduction 

Both biological and non-biological processes contribute to nitrous oxide emissions from soil. 

However, autotrophic nitrification and denitrification are believed to be the major sources of these 

emissions. On a global basis, biological processes probably account for more than 95% of the 

atmospheric nitrous oxide burden. The anthropogenic contribution on a global basis is estimated to 

be 33 to 42 % (see Table 2-1). 

A recent attempt to quantify the global nitrous oxide budget is presented in Table 2-1. In addition 

to the sinks and sources presented, dissolved nitrous oxide in agricultural drains and in seepage from 

clearcut forest may be a forgotten component in the global nitrous oxide budget (Ronen et aI., 1988; 

Davidson, 1991). The large uncertainties in the values quoted are due to both the dearth of adequate 

data sets for each of the identified sources and to the inherent spatial and temporal variability in the 

measured emission rates (Mosier, 1994a). 

An earlier presumed contribution of fossil fuel combustion of approximately 1 Tg N20-N a-I had 

to be revised downward drastically after the discovery of a chemical process among NO, S02' and 

H20 which lead to elevated nitrous oxide concentrations in stored power station gas samples (Muzio 

and Kramlich, 1988). This finding has helped focus recent attention on soils as the single largest 

source of N20 emissions. 
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Table 2-1: Global nitrous oxide budget. 

Sources 
Combustion 

Stationary sources 
Mobile sources 
Biomass burning 

Savanna fires 
Firewood and agricultural waste 

Nylon production 
Oceans 
Fertilized agricultural land 

mineral N 
animal waste, manure 
N-fixation 

Temperate grassland 
Boreal and temperate forests 
Mid-latitude deforestation 
Tropical and Subtropical forests 

Humid tropical forests 
Humid forests conversion to pasture 
Seasonal dry tropical forests 
Dry forest conversion 

Contaminated aquifers 
TOTAL 
TOTAL Anthropogenic contribution 

Sinks 
Removal by soils 
Photolysis in the stratosphere 

TOTAL 

Accumulation in the Atmosphere 

Source: 
Kroeze (1994) 

Literature review 

b 

c 
calculated from Thiemans and Trogler (1991) 
IPCC (1994) 

d Schmidt et al. (1988) 
e Matson and Vitousek (1990) 

Vitousek et al. (1989) 
g Smith and Arah (1990) 
h McElroy and Wofsy (1986) in Davidson (1991) 

N20 budget 
(Tg of N20-N year-I) 

o.osa 
O.lsa 
O.42b 
1.4 - 2.6g 

1.19a 

1.06a 

0.25 - 0.75c 

0.1 h 

0.1 - 1.5d 

o.osa 

2.4e 

O.4i 
- O.'r 

1.0 - 1.3f
,e 

? 
0.5 - 1.1j 

9.59 - 13.89 
3.84 - 4.14 

o - 2.09 (3 - 4.5g
) 

Bouwman (1993 and 1994) 
Ronen et al. (1988) 

The total current atmospheric N20 burden is about 1500 Tg N20-N (Tg = lO12g). 
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2.2. Processes of nitrous oxide production 

2.2.1. Production of nitrous oxide in soils 

2.2.1.1. Biological denitrification 

Biological denitrification is a!:.~spirat~ry pro~es_s~_ll1~~ which N -oxides (electron acceptors) are 

enzymatically reduced under anaerobic conditions to nitrous oxide and dinitrogen for ATP 

production.D€~nitrifiers gain carbon for cell growth from the concomitant oxidation of organic 
.~~.~~-.. ~ 

molecules (Payne, 1973). Therefore, anaerobic conditions and the presence of readily oxidisable 

carbonaceous substrates are necessary for denitrification. Apart from free living denitrifiers such as 

Pseudomonas ssp., Rhizobium ssp. which live in a symbiotic relationship with leguminous plants 

have the ability to denitrify. This later process is referred to as rhizobial denitrification (O'Hara 

an:d Daniel, 1985). 

( The process of denitrification (including rhizobial denitrification) can be presented as follows: 

+V +lll +ll +1 0 
NO 
iJ, 

NO-
3 ~ N02- ~ [X] ~ N20 ~ N2 . . . [2-1] 

nitrate nitrite nitric oxide nitrous oxide 
reductase reductase reductase reductase 

Note: Roman numerals i~di~ate the oxidation state of nitrogen ineaclnlf-the speeies.-

Source: Firestone and Davidson (1989) 

Nitric oxide (NO) is believed to be either a true intermediate or III rapid exchange with an 

unidentified intermediate [X]. 

In aerobic soils denitrification can occur in anaerobic microsites such as in the centre of aggregates 

(Greenwood, 1975; Parkin, 1987) or in areas of localised high oxygen consumption ("hot spots") 

which can be associated with the breakdown of particulate organic material (Stefanson and 

Greenland, 1970; Letey et aI., 1981; Fillery, 1983; Dowdell and Smith, 1974; Parkin, 1987). 

Furthermore some groups of denitrifiers are able to use simultaneously both oxygen and nitrate (or 
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nitrite) as electron acceptors. Therefore, denitrification by those organisms can occur under aerobic 

conditions. An explanation for the usage of both electron acceptors might be the presence of a rate

limiting step in the transfer of electrons from its substrate to one of the electron acceptors which 

can be overcome by using another branch in the electron transport chain with a different electron 

acceptor (Robertson and Kuenen, 1990; Robertson and Kuenen, 1991; Zumft and Kroneck, 1990). 

The amount of nitrous oxide emitted via denitrification is related to the factors which influence the 

enzyme production for the several steps in the denitrification sequence. Low pH, high nitrate 

concentrations, low moisture and low availability of oxidisable organic material all tend to increase 

the nitrous oxide fraction in the denitrification products (Arah and Smith, 1990b). In addition, some 

denitrifiers lack the ability to catalyse the last step from N20 to N2 (Tiedje, 1988). More details on 

the N20:N2 ratio are given with the discussion of the individual factors influencing nitrous oxide 

production in section 2.3. 

2.2.1.2. Autotrophic nitrification 

Autotrophic nitrification is defined as the biological oxidation of NH4 + to N02- and N03- in a two 

step reaction as presented in the following equations where Nitrosomonas performs the first en~rgy 

yielding reaction: 

and Nitrobacter the second energy yielding reaction: 

+ N03- •..••.•..•.......• [2-3] 

Nitrite accumulates only under conditions where Nitrobacter appears to be inhibited while 

Nitrosomonas is not. Typically these conditions a~e high pH (> pH 7.5) and very cold temperatures 

(Smith and Chalk, 1980; Schmidt, 1982; Bouwman, 1990; Sherlock, 1992). 

Nitrous oxide is produced via nitrification and this appears to occur by a reductive side reaction 

involving nitrite (N02-) (Firestone and Davidson, 1989). A copper protein is responsible for the 

nitrite reduction which proceeds under aerobic and anaerobic conditions ("nitrffier - denitrification ") 

with concomitant oxidation of ammonium (Ritchie and Nicholas, 1972; Payne, 1991). This could 

be a process within nitrifiers to reduce accumulated nitrite levels which otherwise could cause 
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intracellular toxicity (Bremner and Blackmer, 1981). 

In the light of these findings, Firestone and Davidson (1989) have presented the nitrification process 

in a more complex multistep reaction sequence as follows: 

NO 

i /NO~ T 
NH; -+NH

2
0H -+ [RNO] NO; ----+ N0

3
- •••••••••••• __ •••• __ •• [2-4] 

~2~ t 
N 20 

Thin lines indicate unconfirmed pathways 

Apother route for N20 production via nitrification is the chemical reaction involving intermediates 

formed during ammonium (NH/) oxidation to nitrite (N02-). The reaction between hydroxylamine 

(NH20H) formed during nitrification in well aerated as well as anaerobic soils and nitrite has been 

proposed by a number of researchers (Arnold, 1954; Bremner and Blackmer, 1981; Chalk and 

Smith, 1981; Minami and Fukushi, 1986) viz: 

+ 2H20 .................... [2-5] 

Although nitrification is understood to be an aerobic process there is strong evidence that it can also 

occur under anaerobic conditions. This phenomenon has been shown for some Nitrobacter species 
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and for a mixed wastewater-treatment culture (Robertson and Kuenen, 1991). The significance of 

this recent finding to nitrous oxide emission processes from soils is unclear. However, tentative 

support for nitrification occurring under essentially anaerobic conditions may have been observed 

in this current study (see Section 6.5.2.). 

2.2.1.3. Other biological processes 

In addition to denitrification and autotrophic nitrification some other biological processes have been 

shown to yield N20 as a transient by-product. 

Non-denitrifying fungi and bacteria can produce N20 during the process of dissimilatory reduction 

of N03- to NH/. This pathway, which is regulated by oxygen and unaffected by ammonium, can 

be a contributing source of N20 from systems which suffer prolonged anaerobic periods (e.g. in 

sediments and rice paddy fields) (Mosier et aI., 1983; Tiedje, 1988). According to Bleakley and 

Tiedje (1982) this pathway of N20 production is of minor importance. However, with the high 

activity of these micro-organisms coupled with an appreciable N02- accumulation in soil, this 

pathway may be more important than is generally acknowledged (Tiedje, 1988). 

The aerobic assimilation of nitrate or assimilatory nitrate reduction is the process of NO,--N 

incorporation into biomass (Mosier et aI., 1983). In the absence of NH/ and organic-N and under 

conditions where only N03- is available, bacteria, fungi, yeasts and algae have first to reduce the 

N03- (Freney et aI., 1979). This process is less O2 sensitive than denitrification and therefore would 

be expected to occur under aerobic conditions (Payne, 1981; Mosier et aI., 1983). The net reaction 

is shown in the following equation: 

N03- ~ N02- ~ [H2N20 2] ~ [NH20H] ~ NH3 •••••.••••••••• [2-6] 
J-

N20 

where N20 rather than N2 may be produced as a by-product from the indicated intermediate 

(hyponitrite) (Freney et aI., 1979). The reaction shown is essentially the same as that which occurs 

during N03- reduction to NH/ and involves the same precursor of N20, again probably hyponitrite 

(Freney et aI., 1979; Mosier et aI., 1983). This pathway as a nitrous oxide source seems to be 
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significant from studies on forest soils where fungal activity is important. Sexstone (1991) provided 

evidence that in an acidic organic coniferous forest soil the N20 production due to fungal activity 

may be as much as 40% of the total. Furthermore fungal activity was also suggested by Robertson 

and Tiedje (1987) as an alternate biological nitrous oxide source from forest soil. Finally, certain 

assimilatory nitrate-reducing yeasts have been shown to be able to produce N20 (Klemedtsson et 

aI., 1988a). The magnitude of this process has yet to be determined. 

Heterotrophic nitrification can occur in the presence of organisms which oxidise ammonium in 

the presence of oxygen and an organic substrate and may simultaneously convert nitrite to gaseous 

products via denitrification. Therefore, heterotrophic nitrification might be linked to the "nitrifier

denitrification" described in the previous section. However, the contribution of nitrous oxide 

production through this pathway remains poorly understood. The situation is complex since it is very 

difficult to separate autotrophic and heterotrophic nitrification (Robertson and Kuenen, 1990; 

Robertson and Kuenen, 1991). 

2.2.1.4. Non-biological processes 

Chemo-denitrification is a term usually employed to describe the chemical decomposition 

(dismutation) of nitrous acid, HN02, in soil but is also used more generally to denote chemical 

reactions involving N02-. As a· N20 producing process it gains importance whenever N02-

accumulates in soil, e.g. in soils with an alkaline pH where the nitrification of N02- to N03- is 

inhibited and also under acidic pH conditions when HN02 can form moreteadily (Mosier et aI., 

1983). 

Under acidic conditions (pH <4.9) and ~ redox potential of 0 to 200 mV HN02 dismutates 

chemically according to the following equations: 

2NO + + H20 .............. [2-7] 

or: 

NO + + H20 .............. [2-8] 

(Nelson and Bremner, 1970; van Cleemput et al., 1976; Chalk and Smith, 1981; Firestone and 
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Davidson, 1989; Sahrawat and Keeney, 1986; Bouwman, 1990; Smith and Arah, 1990). 

The NO and N02 produced during these processes can be further reduced chemically by organic 

constituents to N2 and N20 (Nelson and Bremner, 1970, 1969). It has been found that the prevailing 

gaseous products under these conditions are N2 and N02 as well as small amounts of N20 (Nelson 

and Bremner, 1970) and NO (Bollag et aI., 1973). With increasing pH, the HN02 level and N20 

production through HN02 dismutation declines. Under neutral or alkaline pH conditions biological 

processes are mainly responsible for N20 and N2 production (van Cleemput et aI., 1976; Bollag et 

aI., 1973). However, in NH/ and N02- amended soils under alkaline conditions small amounts of 

N20 may be produced chemically because N02- oxidation may be inhibited (van Cleemput et aI., 

1976; Bremner et aI., 1980a; Smith and Chalk, 1980, Chalk and Smith, 1981). 

Nitrous oxide may also be produced by the reaction between nitrous acid and oximes formed during 

organic matter decomposition (Porter, 1969): 

+ + [2-9] 

Finally, the ,chemical reaction between HN02 and phenolic constituents in soil and with compounds 

containing free amino groups (the "Van Slyke" reaction) may be responsible for some N20 

emissions from soils (Monaghan, 1991). 

However, as mentioned previously, most investigators and reviewers maintain that biologically 

mediated processes, in particular biological denitrification and autotrophic nitrification, are the 

principal sources of N20 from soils. 

2.2.2. Fossil fuel and biomass burning 

Prior to 1988, fossil fuel combustion was presumed to contribute significantly to anthropogenic 

nitrous oxide fluxes. However, the discovery of an experimental artifact in nitrous oxide gas sample 

measurements from fossil fuel fired power stations meant that global estimates from this source had 

to be revised downwards by a factor of 10 (Muzio and Kramlich, 1988) (see also Section 2.1.). 
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Another potential source for nitrous oxide is biomass burning, especially after deforestation. 

Deforestation typically involves three activities: clearing, burning and the subsequent 

agricultural/pastoral development. During each of these phases N20 emission can be enhanced. 

Plant destruction reduces the nitrogen and water demand by plants, and the loss of a canopy warms 

the soil and accelerates microbial activity (Bowden, 1986). Enhanced microbial nitrification ensues 

(Bowden, 1986, Anderson and Levine, 1988), and denitrification may also be accelerated by the 

higher soil moisture content resulting from reduced plant uptake (Bowden, 1986). In addition, 

release of mineral nitrogen in the soil increases the potential for nitrous oxide production which has 

been shown to persist for at least 6 months following a burning event (Anderson and Levine, 1988). 

Recent studies demonstrate a 3-fold enhancement in' N20 fluxes through forest clearing activities, 

a 6 to 7-fold greater emission through burning (compared to unburned forest sites), and a marked 

increase through subsequent agricultural development (Keller et aI., 1991). 

2.3. Conditions influencing nitrous oxide production in soils and sediments. 

2.3.1. Aeration and moisture status 

The oxygen status in soil, which is inversely proportional to the amount of moisture held there, 

appears in many studies to be one of the key fact~s influencing nitrous oxide production. Highest 

emissions are often correlated with very wet soil conditions (e.g. Arnold, 1954; Dowdell and Smith, 

1974; Anderson and Levine, 1987). Such findings reflect the fact that denitrification is an anaerobic 

process. However at saturated moisture conditions or under strictly anaerobic conditions (e.g. poorly 

drained soils and in sediments) N2-production is favoured as the principal gaseous product 

(Mulvaney and Kurtz, 1984; Davidson et aI., 1986). With an increase in aeration to an air-filled 

porosity of about 10%, denitrification and h~nce the overall gas production (N2 plus N20) declines, 

but the mole fraction of N20 tends to increase (Letey et aI., 1980). 

Nitrous oxide production via the aerobic process of autotrophic nitrification can also be enhanced 

following additions of water to dry soil. Most biological activity is stimulated by readily available 

water and autotrophic nitrification is no exception. Being an aerobic process, autotrophic 

nitrification also requires adequate O2 levels. Nitrous oxide production attributed to autotrophic 

nitrification has been detected under well-aerated conditions from soils with a moisture content as 
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low as 5% (Anderson and Levine, 1986; Bremner and Blackmer, 1981). Some researchers maintain 

that even under conditions of high moisture content, autotrophic nitrification rather than 

denitrification may be the more important process contributing to N20 production from soil 

(Bremner and Blackmer, 1981; Klemedtsson et aI., 1988b). 

Several workers observed highest nitrous oxide fluxes from soil during fluctuating moisture 

conditions compared to either continuously well-aerated or continuous anaerobic conditions 

(Firestone and Tiedje, 1979; Smith and Tiedje, 1979; Smith and Patrick, 1983). Firestone and 

Tiedje (1979) showed that after the onset of anaerobosis essentially three time periods could be 

distinguished based upon the response of the native microbial population. In the period from 16 

to 33 hours following anaerobosis, 40 to 90% of the gaseous denitrification product is evolved as 

N20. Initially N03--reductase production is stimulated and this enzyme is produced more rapidly 

than N20-reductase (equation [2-1]). Thus, N20 accumulates and can be released into the 

atmosphere. The moisture conditions which seem to favour N20 production are, therefore, 

alternating wetting and drying cycles during which both autotrophic nitrification and denitrification 

are active but where there is not enough time for substantial levels of N20-reductase to form. The 

large pulses of N20 which typically follow rainfall or irrigation may exceed background levels by 

up teP3 orders of magnitude especially after long periods of dryness (Conrad et aI., 1983; Sherlock 

and Goh, 1983). During fluctuating soil moisture conditions, drying and rewetting cycles may 

enhance the availability of soil organic matter and this will also favour denitrification (see Section 

2.3.2.). Drying causes shrinkage and disruption of soil aggregates and exposes organic matter not 

previously accessible to microbial attack. In addition, death of part of the microbial biomass during 

drying releases additional available carbon. As a result, upon rewetting there is a characteristic flush 

of soil microbial activity (Patten et aI, 1980). 

Mention must be made of another condition which can favour low O2 levels and hence N20 

production within soils. This is the presence of anaerobic microsites, particularly within heavy 

textured clay soils, where gaseous diffusion is slowed or restricted. Nitrous oxide emissions are 

often high from these soils, especially those with a large proportion of anaerobic microsites (Burford 

et ai., 1981; McKenney et aI., 1980a). Such microsites exist where root or soil respiration rates 

exceed the capacity of the soil to allow adequate gaseous diffusion to or from the microsite. 

Diffusion of N03- from aerobic to anaerobic sites with subsequent reduction in the later may also 
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occur. In aerobic soils, denitrification and autotrophic nitrification, each with its associated N20 

production may occur simultaneously at spatially distinct microsites (Bouwman, 1990). Highest N20 

fluxes are expected under microaerophilic conditions in soil where N20 reduction to N2 during 

denitrification is inhibited by O2 gas and where nitrifiers are sufficiently limited in O2 gas supply 

to also form N20 (Klemedtsson et aI., 1988b). 

2.3.2. Organic matter availability 

Denitrification is a respiratory process which requires an easily oxidisable organic substrate. The 

presence of readily metabolizable organic matter and the availability of water soluble organic matter 

are closely and positively correlated with the rate of biological denitrification and hence the potential 

production of N20 from soil (Burford and Bremner, 1975). Using the denitrification equations for 

nitrous oxide and dinitrogen production of Burford and Bremner (1975): 

4(CH20) + 3 N03- + 4H+ ~ 4 CO2 + 2 N20 + 6 H20 and,.............. [2-10] 

5(CH20) + 3 N03- + 4H+ ~ 5 CO2 + 2 N2 + 7 H20 .................. [2-11] 

1 f..lg av£hable C is required for 1.17 /lg ofN as N20, for 0.997 ofN as N2 or for 1.003 /lg of (N20 

+ N2) - N. 

Under field conditions the presence of crop residues increases denitrification especially under 

conditions of high soil moisture and adequate nitrate (Aulakh et aI., 1991). Organic soils generally 

show a high potential for denitrification and hence nitrous oxide production. Comparisons of organic 

to mineral soils confirmed higher N20 fluxes from developed peat soils amended with synthetic 

urine compared to mineral soils treated in the same way (Clough, 1994). 

Autotrophic nitrification does not specifically require a carbonaceous substrate. However, the 

ammoniacal-N required by nitrifying organisms is often supplied through the mineralization of soil 

organic N, an oxidative process carried out by the diverse population of heterotrophic micro

organisms present in most soils. So indirectly, metabolizable organic matter also fosters production 

of N20 via nitrification. 
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In the rhizosphere of plants two processes may contribute to nitrous oxide production. Firstly, 

factors such as low pH, and low oxygen status near roots may create conditions which favour an 

increase in soil denitrification (Bailey, 1976; O'Hara and Daniel, 1985; Smith and Tiedje, 1979). 

Secondly, high irradiation stimulates photosynthesis and concomitant activity of roots which can 

cause elevated concentrations of root exudates in the rhizosphere. Decomposition of these exudates 

together with high root respiration create reduced oxygen conditions in the rhizosphere. Therefore, 

high irradiation may have an indirect effect on stimulating denitrification (Blackmer et aI., 1982; 

Christensen, 1983; Smith et aI., 1981). In addition to the increased denitrification of free living 

microorganisms, rhizobial denitrification in leguminous plants may play an important role as well 

(O'Hara and Daniel, 1985). However, most of the observed nitrous oxide flux is attributable to the 

soil unaffected by roots (Klemedtsson et aI., 1987). 

2.3.3. Temperature 

Detailed studies indicate that the nitrous oxide flux follows closely the diurnal temperature pattern 

from the soil depth where nitrous oxide is produced (Denmead et aI., 1979; Conrad et aI., 1983; 
- " 

Goodroad and Keeney, 1984c; Slemr et aI., "1984; Mosier, 1989; Sherlock, 1984). This diurnal 

characteristic can be attributed to the changing activation energy of nitrous oxide producing bacteria 

with temperature, and by temperature induced solubility changes of nitrous oxide in soil water 

(Blackmer et aI., 1982; Conrad et aI., 1983). In addition, correlating the nitrous oxide flux with 

temperature measurements from various soil depths can provide an indication of the site of nitrous 

oxide production (Conrad et aI., 1983). 

Generally, lower temperatures (in particular below 15°C) decrease microbiological activity, increase 

nitrous oxide solubility and slow down gaseous ~iffusion, thereby leading to lower nitrous oxide 

emissions (Goodroad and Keeney, 1984c). In addition, the overall gaseous N production under 

denitrification declines with declining temperature. However, the same amount of nitrous oxide may 

still be emitted due to an increase in the N20IN2 ratio which tends to occur from 25 to <15°C 

(Keeney et aI., 1979; Bailey, 1976; Nommik, 1956). This can lead, in temperate climatic zones, to 

significant proportions of annual N20 emissions occurring in late autumn and early spring since soils 

during these periods tend to have low oxygen levels due to water saturation (Fillery, 1983). 
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Considerable N20 emissions also occur from frozen soils at the spring thaw and can constitute as 

much as 30 - 40% from the total N20 produced over the year (Goodroad and Keeney, 1984a). 

Possible explanations for this occurrence include the release of dissolved nitrous oxide with 

increasing temperature, the inhibition of N20-reductase at low temperature, and N20 production in 

subsurface soils due to denitrification, nitrification and chemo-denitrification which is subsequently 

released during the thaw (Goodroad and Keeney, 1984a; Cates and Keeney, 1987b). Most managed 

soils in New Zealand do not suffer prolonged periods of freezing temperatures so these effects are 

likely to be of minor importance in the New Zealand context. 

2.3.4. pH 

Under conditions where N03- concentrations do not limit potential denitrification, the overall rates 

of both denitrification and nitrification decline with decreasing pH from optima of about pH 7.5 

(Muller et aI., 1980). Such declines in pH occur in particular in urine-affected soil. Many workers 

have shown that under conditions of declining pH the N20:N2 ratio increases (Blackmer and 

Bremner, 1978a; Burford and Bremner, 1975; Firestone, 1982; Rolston, 1981; Knowles, 1982; 

Koskinen and Keeney, 1982; Nagele and Conrad, 1990; Payne, 1981). Inhibition of N20-reductase 

at low pH levels has been offered as one explanation (Alexander, 1977; Fillery, 1983). There is also 

the possibility of a general susceptibility of all the denitrifying enzymes to changes in pH, leading 

to modified production rates and the emission of N20 from accumulated intermediates (Nagele and 

Conrad, 1990). Generally, pH effects on N20 production are difficult to assign to any particular loss 

process especially since the chemical decomposition of NO x intermediates (particularly N02-) to N20 

is enhanced at low pH. It seems that nitrite (N02-) is a key compound under acidic conditions 

because it is an intermediate in the biological reactions (nitrification and denitrification) as well as 

the key component for possible chemical re~ctions (Bollag et aI., 1973; Firestone, 1982; Knowles, 

1982; van Cleemput and Baert, 1984). 

2.3.5. Nitrate and ammonium concentrations 

Total denitrification fluxes (N20 plus N2) are directly proportional to soil NO)- concentrations when 

the other important component, a readily metabolizable organic substrate, is also present and non 
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rate-limiting. When a lack of metabolizable organic matter limits potential denitrification, N2 plus 

N20 fluxes do not increase with increasing N03- concentration (Sahrawat and Keeney, 1986). 

However, it is well established that an increase in soil or sediment N03- concentration leads to an 

increase in the N20:N2 ratio in the product gases. This is attributed to the inhibition of N20-

reductase by N03- (Blackmer and Bremner, 1978a; Firestone and Tiedje, 1979; Terry and Tate, 

1980; Zurnft and Kroneck, 1990) and, as noted earlier, this effect is further enhanced at low pH 

(Section 2.3.4.). 

Nitrous oxide emissions following nitrogenous fertilizer applications to soil tend to follow a similar 

pattern irrespective of the type or form of fertilizer used (Sahrawat and Keeney, 1986). Emissions 

are characterised by a 'large' efflux of N20 following fertilizer application at rates which may be 

between 1 and 3 orders of magnitude higher than baseline levels. This period typically continues 

for 5 to 8 weeks following the fertilizer application and is followed by declining rates of emission 

which gradually approach baseline levels; The dynamics of these post-fertilization events parallel 

the presence of free NH/ and N03- within the soil which is directly accessible to the soil micro

organisms. Some researchers have found nitrous oxide emissions from soil were significantly higher 

after amendments with nitrifiable-N sources compared to nitrate fertilizer applications. This 

emph(lsises that nitrification is an important process for nitrous oxide production under field 

conditions (Breitenbeck et aI., 1980; Conrad et aI., 1983). Indeed, comparisons of different fertilizer 

forms show, for the same application rate, that nitrous oxide emission is highest after application 

of anhydrous ammonia (Breitenbeck and Bremner, 1986). 

In livestock urine-affected areas the concentration of mineral nitrogen is frequently greater than the 

equivalent of 500 kg N ha- I
. This far exceeds the utilization capacity of either the plants or the soil 

micro-organisms and high concentrations of both NH4 + and N03- tend to accumulate. Conditions 

within urine patches are therefore ideal for the generation of N20 by both biological denitrification 

and autotrophic nitrification. This is supported by the nitrous oxide measurements of Colbourn 

(1992) who found evidence of both nitrification and denitrification as mechanisms for nitrous oxide 

production in pasture soil amended with urea inputs comparable to urine deposits. As noted 

previously, N02- also tends to accumulate in urine patches and the potential for N20 production via 

chemo-denitrification cannot be discounted. 
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2.3.6. Microbial population dynamics in soil 

Some researchers have suggested that soil microbial population dynamics may be a more important 

factor than soil physical and soil chemical factors in explaining the characteristics of nitrous oxide 

production from soil (Abou Seada and Ottow, 1985; Powlson et aI., 1988; Schmidt et aI., 1988; 

Munch, 1991 in Granli and B¢ckman, 1994). More research is needed in this area to determine 

whether this factor is as important as these researchers suggest. 

2.3.7. Spatial and temporal variability 

Most researchers report very high spatial variation in N20 fluxes, indicated by high coefficients of 

variance (CV %), presumably due to the patchy distribution of denitrifying microsites and the spatial 

variability of the soil inorganic nitrogen concentrations (Goh and Haynes, 1986). Many studies have 

found that the frequency distribution of spatially distributed samples taken from apparently uniform 

fields is generally lognormally distributed with most samples exhibiting low flux rates and only a 

few samples exhibiting very high N20 flux rates (Ryden et aI., 1978; Rolston et aI., 1978; Robbins 

et aI., 1979; Roy, 1979; Matthias et aI., 1980; Breitenbeck et aI., 1980; Bremner et aI., 1980b; 

Bremner et aI., 1981a,b; Mosier et aI., 1981; Mosier et aI., 1982; Folorunso and Rolston, 1984; 

Cates and Keeney, 1987a,b; Parkin, 1987; Shepherd et aI., 1991; Kaiser and Heinemeyer, 1994). 

The same effects are found for fertilized and unfertilized plots (Bremner et aI., 1981a), and it 

follows that the accuracy of any mean N20 flux estimate is dependent upon the number of 

measurements made and the fraction of the total surface area sampled (Matthias et aI., 1980; 

Folorunso and Rolston, 1984). Denitrification in earthworm casts or "hot spots" which can be 

attributed to the breakdown of localised particulate organic matter can partly explain the high spatial 

variability. Elliott et ai. (1990) found that J.?itrous oxide production from casts could be up to five 

times higher than from the surrounding soil. 

Researchers also find considerable temporal variation in N20 fluxes both diurnally and seasonally. 

As noted earlier (Section 2.3.3.), diurnal variation is largely temperature induced with most 

researchers finding maximum N20 fluxes in the afternoon or early evening hours (Brice et aI., 1977; 

Christensen, 1983; Slernr et aI., 1984). 
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Seasonal variations in N20 emission patterns also appear to be driven largely by a combination of 

soil temperature changes and water content. Highest N20 emissions generally occur during late 

spring and early autumn when both water content and temperature are reasonably high and stimulate 

microorganism activity (Brams et al., 1990, Bremner et al., 1980b; Burford et al., 1981; Christensen, 

1983; Goodroad and Keeney, 1984b; Cates and Keeney, 1987b; Jarvis et al., 1991). 

2.3.8. Land management and different ecosystems 

Studies from grassland, including native prairies, show that N20 fluxes from these ecosystems with 

no fertilizer additions are generally low « 5 g N20-N ha"1 day"') (Mosier and Parton, 1985). In 

general, pasture growth in New Zealand is limited by the low mineral nitrogen levels present in 

soils. The growth of improved intensive pasture in New Zealand consequently relies mainly on the 

utilization of legume-fixed nitrogen. Therefore high nitrous oxide emissions are expected to be 

confined to areas of high nitrogen inputs ego N-fertilised or urine-affected grassland (Ball et al., 

1979; Ball, 1982; Ruz-Jerez, 1991). Amstel and Swart (1994) in their review about nitrous oxide 

reported that a lack of data exists for estimates of nitrous oxide emissions from urine and manure 

treated grassland. More details about nitrous oxide emissions from untreated and fertilized grassland 

are given in section 3.3.1. 

Conversion of grassland into cultivated land is believed to have caused substantial emissions of 

nitrous oxide. It is estimated globally that the conversion of approximately 8.5 x lOs ha of grassland 

to cultivated land over the last 100 years has resulted in the mineralization of 5 - 20 Tg of organic 

matter per year with associated N20 emissions of 0.2 - 0.6 Tg year"1 (Bolle et al., 1986; Goodroad 

and Keeney, 1984a; Ryden, 1981). For mineral soils this has probably resulted in a four-fold 

increase in N20 emission rates, while for organ~c soils the emission rate increases are probably 

closer to two orders of magnitude (Duxbury et al., 1982). 

These findings have implications for New Zealand since most arable cropping carried out in 

CanterburyINZ uses a mixed cropping rotation regime. Typically 2 to 5 years of arable farming is 

followed by 2 to 5 years of pastoral farming using a grass/white clover sward. The transition to 

cropping involves ploughing and cultivating the soil which releases a significant amount of the 

organic nitrogen reserve (built up during the pasture phase) as mineral nitrogen (ca. 300 kg N ha"'). 
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Enhanced N20 fluxes are the probable result. 

Contemporary measurements confirm that managed ecosystems generally emit larger amounts of 

N20 than unmanaged or 'natural' ecosystems (e.g. low-N grassland or forest ecosystems) (Mosier 

et aI., 1983; Goodroad and Keeney, 1984b; Duxbury et aI., 1982). More N20 is generally emitted 

with increased fertilizer application (Smith and Arah, 1990; Eichner, 1990). Nitrous oxide emissions 

are also significantly correlated with tillage treatment. A twofold increase in N20 emission from 

zero- compared to conventional tillage was attributed mainly to moisture differences in the A 

horizons of these soils. These resulted from the higher bulk density and more anaerobic aggregates 

in the zero-tilled soil (Aulakh et aI., 1982; Aulakh et aI., 1984). This finding agrees with that of 

Burford et al. (1981) who reported that N20 production from a direct drilled clay soil was up to 15 

times higher than that from a ploughed soil. Nevertheless, continuous cropping can deplete the pool 

of metabolizable organic matter in a soil resulting in a decline in total denitrification (N2 plus N20) 

compared with a fallow soil (Aulakh et aI., 1982 and 1984). 

Whole tree harvesting of hardwood forests in the U.S. (Bowden and Bormann, 1986) and 

deforestation in tropical regions (Bowden, 1986) both enhance N20 fluxes. The limited nitrous 

oxide emission data available from tropical forests indicate that soils in these ecosystems are a 

major source of atmospheric N20. It appears that tropical land clearing can generate a threefold 

increase in nitrous oxide emission from these areas when converted to cattle pasture (Luizao et aI., 

1989) which may be further enhanced by increased concentration~ of dissolved nitrous oxide in 

seepage and streams coming out of clear-cut areas (Bowden and Bormann, 1986). Highest fluxes 

from tropical soils are recorded from pastures which cover only 11 % of the ecosystems but 

contribute 40% of the total nitrous oxide burden from these regions (Matson et aI., 1990). Based 

on the limited observations from tropical. areas it may be speculated that land clearing and 

conversion of tropical forest into pasture is an increasing, globally important, source of nitrous oxide 

(Matson and Vitousek, 1990). 

Nitrous oxide emissions from dry tropical forest (eg. Mexico: Garcia-Mendez et aI., 1991) during 

the wet season appears to be similar to fluxes from wet tropical forest (eg. Amazonas: Matson et 

aI., 1990) (Vitousek et aI., 1989). However, annual emissions of N20 from dry tropical forest soils 

are much lower than from wet tropical forest soils due to the significant correlation with moisture 
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content throughout the annual cycle (Garcia-Mendez et ai., 1991). 

The closed cycling and rapid mineralization of organic matter in tropical ecosystems appears at least 

partially responsible for their high presumed contribution to the global nitrous oxide flux (see global 

budget in Section 2.1.) (Smith and Arah, 1990). Matson and Vitousek (1987) found a highly 

significant positive correlation between net nitrogen mineralization and nitrous oxide flux for a range 

of tropical forest soils. Another possible contributing factor is the presence of leguminous plants in 

these ecosystems living in symbiotic relationships with rhizobium bacteria. These bacteria are 

capable of fixing atmospheric N2 which ultimately enters the soil nitrogen pool through litterfaii. 

In addition, rhizobium bacteria are known to produce N20 via so called 'rhizobial denitrification' 

(Section 2.2.1.1.) (Bouwman, 1990; O'Hara and Daniel, 1985). 

Temperate coniferous forest soils emit significantly more N20 than soils in temperate deciduous 

forests presumably due to differences in soil pH and N cycling processes (Goodroad and Keeney, 

1984b). The lower pH and higher N02- concentrations in the coniferous forest soils presumably 

stimulates N20 emission via chemical processes as well as through nitrification and denitrification 

(Martikainen, 1985). In deciduous forest soils the litter and humus layer thickness is probably the 

most important factor in determining annual N20 production (Schmidt et aI., 1988; Bouwman, 1990) 

especially during periods of temporary saturation following rainfall events (Tietema et ai., 1991). 

Emission rates from replanted forest soils appear to be of the same order of magnitude as those from 

agricultural systems (Goodroad and Keeney, 1984b). All the above findings have clear implications 

for New Zealand where considerable areas of native temperate rain-forest remain, and managed 

coniferous forests figure prominently in the national land-management strategy. Currently no data 

exist for N20 emissions from New Zealand forest soils. 

Estimates of nitrous oxide emissions from New Zealand (Chapter 3) showed that grassland, and 

within the grassland ecosystem especially intensive grassland (urine unaffected and urine affected) 

appears to be the largest contributor to nitrous oxide emissions (Figure 3-2, Tables 3-1 and 3-2). 

Therefore, based on these estimates, it was 'decided to focus in this current research on both urine

unaffected and urine-affected intensive grassland. In addition as mentioned previously a common 

farming practice in CanterburylNew Zealand is the rotation between grassland and arable farming 

in a 2-5 year cycle. In order to assess the unknown effect of this common farming practice on 
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nitrous oxide production it was decided to include investigations of N20 emissions from the 

ploughing of intensive grassland. 

2.4. Mathematical models for nitrous oxide production from soil 

2.4.1. Introduction 

It is convenient to consider models for nitrous oxide and dinitrogen emissions in terms of scale. 

Microscale models concentrate mostly at the soil aggregate or microsite level, whereas macroscale 

models attempt to ~ntegrate the various conditions leading to gaseous nitrogen loss in the field. Most 

of the models presented in this chapter simulate only denitrification and totally ignore nitrous oxide 

production by nitrification. 

A detailed review of the literature reveals only nine models which attempt to account for nitrous 

oxide production from soils. The reason for this lack of models can probably be found in the 

complex task required to combine all the factors and mechanisms involved in nitrogenous gas 

emissions from soil. Moreover there is an obvious lack of extensive data sets needed for model 

verification. This is in part due to the difficulty in determining all the necessary input parameters, 

and the rates of nitrous oxide production via the different pathways, particularly nitrification and 

denitrification, as well as a good estimate of dinitrogen emission under field conditions. 

2.4.2. Microscale models for denitrification 

Focht (1974) presented a model which attempted to explain kinetically, quantitative differences in 

the emissions of N2 and N20 during denitritication. The model is based on laboratory studies and 

assumes that all nitrous oxide is generated by denitrification and that the kinetic of denitrification 

is independent of the nitrate concentration in the soil (i.e. zero-order kinetics). Applying this to the 

Michaelis-Menten kinetics equation for dual substrate reactions gives the following equation: 

v= Vmux C N 
(~+ C) (~+ N) 

...................................... [2-12] 

where v = observed rate 
V max = maximum rate 
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N = nitrate concentration 
C = carbon concentration 
~, ~ = rate constants 
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The equation shows that all observed changes in V are due to the C/(Kc + C) term (since the term 

(N/(~ + N) "" 1; ~ is close to zero because of zero-order kinetics). The rate constants K, and K2 

Focht develops in his model define the total production of nitrogenous gases (K1) and the production 

of dinitrogen (K2) as: 

where N 20 = t(KI - K2) 

N2 = t(K2) 
t = time 

[2-13] 

The rate constants (K1 and K2) are a function of pH, aeration and temperature where pH and 

aeration are linear, and temperature exponentially (Arrhenius equation) related to the denitrification 

rate. 

Combining the three factors into a mathematical expression yields: 

where, 

.............................. [2-14] 

a, A, B, f..l are constants 
Xo = aeration (between 0 to 22 % air filled porosity) 
Xp = pH (between 3.81 and 8.00) 
T = Temperature in °C (between 15 and 65°C) 

Focht (1974) concluded that the aeration stat~s seemed to be the most important factor in 

characterizing the proportion of N20 in the soil atmosphere because with increased anaerobis the 

complete reduction to N2 would be favoured. 

Arah (1990) developed a model for denitrification which was also based on Michaelis-Menten 

kinetics. A microsite reaction approach is used to calculate intra and inter-micro site nitrate, oxygen 

and nitrous oxide profiles. This approach was based on a theoretical model for anaerobic microsites 

by Smith (1980) which combines aggregate size distribution and oxygen diffusion rates to establish 
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the extent of anaerobic microsites in soil. Together with diffusion rates of N20 and N2 and diffusion 

of nitrate into these anaerobic zones Smith (1980) attempted to provide a more mechanistic approach 

to denitrification. A difficulty lies in validating the theoretical model because of problems in 

accurately measuring denitrification rates in the field (Smith, 1990). 

McConnaughey and Boulden (1985a) created a model of transient anaerobic microsites which are' 

defined by using a moving boundary between aerobic and anaerobic zones to quantitatively describe 

denitrification. The saturated microsites are considered to be layers of homogeneous soil where no 

oxygen is present and no mass flow of soil solution occurs. All diffusion and reactions take place 

in these transient microsites which are mathematically defined by five simultaneous diffusion

reaction equations for oxygen, nitrite, nitrate, nitrous oxide and dinitrogen. The closest agreement 

between model data with real measurements was obtained by again using Michaelis-Menten kinetics 

with continuous inhibition of nitrous oxide reduction in the reaction term (McConnaughey and 

Boulden (1985b). McConnaughey et al. (1985c) concluded that refinement of independently 

measured kinetic parameters is necessary to create a more accurate model. 

No microscale models are reported in the literature for gaseous nitrogen losses which include the 

nitrification pathway. 

2.4.3. Macroscale models for denitrification 

Grant (1991) developed a simulation model for field denitrification (total gaseous N loss (N20 + 

N2» coupled with submodels for carbon and nitrogen transformations. The model calculates inter 

and intra-horizon fluxes of oxygen in gaseous and liquid phases to the sites of microbiological 

activity. Calculations of aerobic respirati~n provide an estimate of rates of electron acceptor 

reduction. The unmet demand for oxygen as an electron acceptor at sites of microbial respiration 

is calculated and converted into a nitrate equivalent. A Michaelis-Menten function which includes 

interactions of various water and temperature regimes to predict the nitrate loss (i.e. N2+N20) is 

used to model denitrification. It was concluded by Grant (1991), that a more mechanistic model 

requi~es a more detailed knowledge of soil carbon dynamics. The model presented by Grant et aI., 

(1993 c and d) follows the modelling concept as presented in Grant (1991). The model is embedded 

in a larger ecosystem simulation model which simulated carbon and nitrogen transformations in soil 
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(Grant et aI., 1993 a and b). 

The denitrification model by Johnsson et aI. (1991) utilises potential denitrification rates which are 

then modified according to actual oxygen conditions, soil temperatures and nitrate concentrations. 

Denitrification is one output term in the nitrogen model which is driven in turn by a combined water 

and heat model. Denitrification is calculated as: 

NN03->N20+N2 = Kd et emd eN03 ...........••.••.•.•.•.•.•.•.••..•..•.•..... [2-15] 

where Kd is the potential denitrification rate and et , emd and eN03 are dimensionless response 

functions accounting for effects of soil temperature, oxygen status and nitrate contents respectively. 

These functions are calculated as follows: 

emd = ( ~~s ~ ::? ) d ............................................ [2-15a] 

where a = water content 
ad = threshold water content (i.e. < ad no denitrification) 
. as = saturation water content 
d = empirical constant 

et is a QIO expression ............................................... [2-15b] 

eN03 = NNO/(NN03 + cJ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [2-15c] 

where Cs = half saturation constant at which eN03 = 50% of maximum 
NN03 = nitrate concentration 

Easily metabolizable carbon is assumed to be freely availa~le and therefore not included in the 

model. The simulated data were within 20% of mean denitrification rates from a field experiment 

on barley and ley grass fertilized with nitrate. Actual denitrification rates were measured with the 

acetylene inhibition method (Svensson et aI., 1991) applied to soil cores. However, some measured 

denitrification data could not be simulated which was attributed to drying/wetting andlor 

freezing/thawing cycles which stimulated denitrification. 
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2.4.4. Macroscale models including denitrification and nitrification 

Mosier et al. (1983), Mosier and Parton (1985), Parton et al. (1988) and Li et al. (1992a and 1992b) 

attempted to create models which include estimates of nitrous oxide and dinitrogen from 

denitrification as well as nitrous oxide from nitrification. 

The semi-mechanistic model of Mosier et al. (1983) presents daily nitrous oxide emissions (EN2o) 

as a function of relative soil water content (RWC), soil-nitrate and -ammonium contents through the 

mathematical expression: 

EN2o= (A E'V Ed) + (B E'V En) ............................................ [2-16] 

where E'V = effect of relative water content 
Ed = effect of soil nitrate 
En = effect of soil ammonium 

The products (E'V Ed) and (E'V En) present the fractions of nitrous oxide emitted via denitrification 

and nitrification respectively, with the constants A and B representing the maximum rates of nitrous 

oxide production for these two processes. 

All effects are normalised to values of 0 to 1 with the following relationships: 

Ed and En are exponential functions of the form: 

1 
[2-16a] 1 + 5.67 e(-O.102 N03) 

E = n 

1 
[2-16b] 1 + 1335 e(-1.24 NH4) 

for 0 < RWC < 0.35 *) 

[2-16c] 
E'V = -0.385+1.385 RWC for 0.35 < RWC < 1.0 *) 

*) recalculated from Mosier et al. (1983) 

Mosier et aI. (1983) point out that the large spatial variation in nitrous oxide emissions seems to be 

the most important factor in preventing a more accurate predictive model for nitrous oxide fluxes. 
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It was concluded by Mosier et al. (1983) that the more mechanistic approach, outlined above, is to 

be favoured over their earlier simpler multiple regression model. 

The model of Mosier and Parton (1985) and Parton et al. (1988) for denitrification in a short grass 

prairie fertilized with urea (simulated cattle urine deposition) is an extended version of the model 

by Mosier et al. (1983). The major modifications to the earlier model are a change to the water 

term, the addition of a temperature term and the simplification of the soil nitrate term to a linear 

function of nitrate concentration. 

The model equation is: 

EN20 = (A EIjI CN03 Ey.) + (B EIjI En Ey.) .................................... [2-17] 

where EIjI is the effect of soil moisture on N20 flux 
Er is the effect of soil temperature at 5 cm depth 
CN03 is the N03 concentration in the soil (ppm) 
En is the effect of ammonium on N20 flux 

All effects are normalised to values between 0 and 1 using the following relationships: 

Ell' = 0.06 e(3RWC) •••••••••••••••• - •••••.•••.••.••••••••.•••••..•••.. [2-17a] 

Er= 
1 

[2-17b] 1 + 6000 e(-o.12 (T (1.8+32))) 

E = n 

1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [2-17c] 1 + 1335 e(-1.24 NH4) 

Mosier and Parton (1985) came to the conclusion that the soil temperature and soil water terms have 

a substantial effect on the simulation and that the nitrification contributes only a little in a short 

grass prairie. A knowledge of the available carbon (water soluble carbon) did not improve the 

model. This was explained by either that available carbon is non-limiting in the short grass prairie 

or that the carbon fraction which influences denitrification could not be measured. 

In the Mosier models the separation of nitrous oxide produced by denitrification and nitrification 

is done purely on the basis of the nitrate and ammonium levels in the soil and their product with 



Literature review 27 

relative water content, and not on the basis of in-field measurements. The model by Mosier and 

Parton (1985) predicts over the range of their experiment that 26% of the observed nitrous oxide 

flux was the result of nitrification. These researchers concluded that nitrous oxide is the primary 

nitrification-denitrification product in the short grass prairie (i.e. N2 release was unimportant in this 

ecosystem). 

The model by Li et al. (1992a) is the most comprehensive model for nitrous oxide and dinitrogen 

emissions from agricultural soils. It includes estimates of nitrous oxide from both nitrification and 

denitrification. A combined moisture and temperature model calculates aerobic and anaerobic 

conditions in the soil. The intensity of rainfall events determines whether a decomposition or 

denitrification submodel will be used. The denitrification submodel applies at soil moisture contents 

higher than 60% of total pore space in the top 20 cm, otherwise the decomposition submodel is 

activated. In the decomposition submodel, nitrous oxide emitted via nitrification (N20 nit) is modelled 

as a function of soil temperature and ammonium concentration based on equations from the work 

of Bremner and Blackmer (1981): 

where 

( 
0.0014 NH4 

30.0 
) ( 0.54 ~~~851 T) ) ............................ [2~18] 

= ammonium (g NH4-N kg 'lsoil) 
= Temperature (OC) 

Double substrate Michaelis-Menten kinetics IS used in the denitrification submodel to model 

denitrifier growth rates as: 

where uNxOy,max is the maximum growth' rate for N03', N02' or N20 denitrifiers, 
C is the available carbon 
NxOy is the substrate i.e. N03', N02' or N20. 
~ = half saturation constant of soluble C 
~ = half saturation constant of nitrate 
uNxOy = relative growth rates of denitrifiers 

[2-19] 

These relative growth rates of denitrifiers are subjected to pH and temperature reduction factors to 

yield the relative growth rate for denitrifiers IlDN as: 
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[2-20] 

where Ilt,da = temperature reduction factor 
uNxOy = relative growth rates of N03-, N02- and N20 denitrifiers and 
IlPHNxOy = soil pH reduction factor 

Nitrous oxide and dinitrogen emitted by the soil are calculated as a fraction of total nitrous oxide 

(P(N20)) and dinitrogen (P(N2)) produced in relation to adsorption of gases in the soil and air filled 

porosity as: 

P(N20) = [{0.006 + (0.0013 AD)} + {0.013 - (0.005 AD)}]IPA and ............. [2-21a] 

P(N2) = 0.017 + {0.025-(0.0013 AD)} PA ................................ [2-21b] 

where AD = adsorption factor dependent upon clay content in the soil [range 0 - 2] and 
PA = air-filled fraction of total porosity 

The model of Li et aI. (1992a) seems to predict the magnitude and the trend of nitrous oxide 

emissions well when compared with field observations from three different experiments (Mosier 

et aI., 1981; Terry et aI., 1981; Ryden, 1983 all in Li et ai. (1992b). However, the percentage of 

nitrous oxide via nitrification of the total nitrous oxide emitted is very low (0.3 - 5.8%). In contrast 

Parton and Mosier (1985) predicted for the same short grass prairie, 26% of the N20 was emitted 

via nitrification instead of the 5.8% simulated by the model of Li et ai. (1992b). In addition it is 

well established that both nitrification and denitrification occur simultaneously in soil (Davidson et 

aI., 1986) which is not considered to occur in the model by Li et ai. (1992a). 

All models presented in this chapter emphasise the point that denitrification is best described using 

Michaelis-Menten kinetics which combines both zero and first-order kinetics. However in laboratory 

studies (e.g. Bowmann and Focht, 1975) Michaelis-Menten ~elationships are not always apparent 

and often zero-order kinetics in respect to nitrate is assumed. In contrast, in natural systems, 

Michaelis-Menten constants are invariably higher than those determined under laboratory conditions. 

Mosier and Parton (1985) remark that this may reflect a different behaviour in the natural 

environment. In addition, the nitrate concentration at the sites of denitrification may be controlled 

by the rate of supply of nitrate to the denitrifying site which in turn is controlled by water content 

and the rate of nitrate production (Tiedje, 1988). Only very few studies provide an estimate of 

nitrous oxide emitted via nitrification. There is evidence, for example, in the work of Parton et aI. 

(1988), that nitrification is very important and may even be the dominant pathway of nitrous oxide 
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emissions from soil. It is my conclusion that future models should therefore attempt to model 

nitrification-nitrous oxide more accurately. Furthermore, it should be emphasised that more detailed 

data sets of nitrous oxide production and the controlling environmental and soil factors are essential 

to provide a better basis for a more accurate model. 

2.5. Summary 

This chapter gave an overview of the current knowledge of nitrous oxide production from terrestrial 

ecosystems. The processes involved in nitrous oxide production from soil were presented with 

denitrification and nitrification being the main mechanisms responsible. 

The second part of this chapter focused on the main soil and environmental factors influencing the 

magnitude of nitrous oxide fluxes as well as the ratio of N20IN2 emitted by soil. From a range of 

factors discussed, the oxygen status in soil, the soil temperature and the availability of inorganic 

nitrogen (N03', N02' and NH/) appear to be in most studies the main influencing factors for nitrous 

oxide production in soils. 

The last section of the chapter dealt with mathematical models for nitrous oxide production in soils. 

While a relatively iarge number of models exist for the denitrification process, only a few models 

which combine both predictions of nitrous oxide from denitrification and nitrification have been 

reported in the literature. The more mechanistic models discussed are based on microbiological 

concepts (especially Michaelis-Menten kinetics) and various diffusion-reaction relationships amongst 

the driving variables. 

The literature review also showed that very few observations of nitrous oxide production from soils 

have been carried out in New Zealand (Table A-3). No studies have included emissions from urine

affected and ploughed intensive grassland. I~ addition, only very few studies have been carried out 

world-wide to estimate the contribution of both denitrification and nitrification to nitrous oxide 

emissions under field conditions. In particularly, the contribution of nitrification to nitrous oxide 

emission remains poorly understood which is one of the reasons precluding the development of more 

accurate mathematical models for nitrous oxide emissions from soils. In an attempt to identify land

use systems which are contributing more than others to the nitrous oxide emissions from New 

Zealand the inventory described in the following chapter was carried out. 
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CHAPTER THREE 
3. Estimates of the magnitude of nitrous oxide production from New Zealand 

The work in this chapter was done in support of a report for the New Zealand Ministry for the 
Environment: "Inventory Information on Nitrous Oxide". The literature review and the 
calculations leading to the estimates presented in this current chapter were my contribution to 
that report. (Reference: Sherlock et al., 1992) 

3.1. Introduction 

New Zealand is atypical amongst countries with a highly developed agricultural base in that very 

little nitrogen fertilizer is applied to the soils. Most of the overseas studies relating to grassland

type agriculture have been carried out on pastures directly fertilized with nitrogen fertilizers and not 

on the type of legume-based pasture system which predominates in New Zealand. Even fewer 

overseas studies have attempted to measure N20 emissions from systems where grazing animals play 

a pivotal role. Similarly, few overseas measurements of N20 fluxes have been conducted on 

forested ecosystems, and none have been carried out on the sort of temperate rainforest that is still 

found in New Zealand. 

The few documented field studies of N20 fluxes made within New Zealand are presented in Table 

A-3 1 (Appendix A). These studies, although valuable, were limited in scope and did not attempt 

to examine fluxes from several, potentially important ecosystems. These include: native and exotic 

forests, organic (peat) soils and low fertility grasslands. 

Two methods are used in this chapter to obtain estimates of N20 fluxes from New Zealand's soils. 

Both methods involve the partitioning of the land area into land-use categories (New Zealand 

yearbook, 1990). These areas are defined in terms of their potentials to emit N20. The first method 

(Table 3-1) provides "best guess", minimum and maximum estimates of N20 fluxes from each of 

these land-use categories and then sums these over the entire land surface. The second method uses 

the same division of land area into land-use categories and then estimates are made of the likely 

annual nitrogen inputs sustained by each area. All nitrogen inputs are included. These annual N

inputs are then used in the most appropriate of the two regression equations obtained by Bouwman 

Table numbers with the beginning 'A-' are presented in the Appendix 
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(1990) to estimate a likely annual N20 flux. The results of this second procedure are presented in 

Table 3-2. 

3.2. Review of international and local research studies of nitrous oxide 

An extensive review of the international and local literature was conducted. The review focused 

on direct field measurements of nitrous oxide emissions from soils in an attempt to find order and 

define trends In data which could be used to estimate emissions of nitrous oxide from New Zealand 

soils. 

Where necessary, and for ease of comparison, measured N20 fluxes have been recalculated and 

presented in units of g N20-N ha- I day-I. For unfertilized ecosystems, the values given for 

minimum, maximum and mean fluxes apply only for the duration of the study periods, but in most 

cases can be considered as representative of N20 fluxes occurring throughout the year. 

For fertilized ecosystems, however, the values quoted apply only for the period following fertilizer 

application (typically 6 ~ 8 weeks) during which the N20 fluxes are significantly higher than the 

fluxes from similar unfertilized plots. Where possible, the percentage of the applied fertilizer-N 

clearly released as N20 has also been tabulated. 

The results of this review are summarised in the series of tables in Appendix A which have been 

arranged according to fertilizer input, type of ecosystem, and management practice used. The few 

data relating to work carried out within New Zealand are tabulated separately. 

A comparison of the tabulated data indicates tha~ nitrous oxide fluxes for the various ecosystems 

considered can be ranked roughly in the following order: 
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1. cropped, fertilized organic soils 

2. uncropped, cultivated organic soils 

3. uncultivated organic soils 

4. drained marsh 

5. cropped, fertilized light textured arable soil 

6. young grassland 

g N
2
0-N ha-] day-] 

(highest N20 fluxes) up to 4600 

7. uncropped heavy textured fertilized arable soils 

8. fertilized temperate grassland 

9. tropical natural forest 

10. tropical secondary forest 

11. temperate coniferous forest 

12. wet meadow 

13. temperate deciduous forest and wet savanna 

14. prame 

15. dry savanna 

16. steppe 

17. undrained marsh. (lowest N20 fluxes) ~1 

The following general observations can be made: 
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The emissions of N20 from managed, fertilized systems are much higher on a per area basis than 

emissions from natural ecosystems. However, from a global perspective, forests (especially tropical 

forests) and grassland ecosystems are major contributors to global N20 emissions due to their very 

much larger areas (Duxbury et aI., 1982). 

Nitrous oxide emissions from unmodified native soils are generally low (typically 1 to 2 g N20-N 

ha-I day-I) compared with other ecosystems, but emissions of this magnitude are large with respect 

to the N entering these environments and probably represent about 10% of total annual N inputs 

(Parton et aI., 1988). 

Emissions from organic soils are up to 100 times higher (20 times higher on average) than fluxes 

from mineral soils (Duxbury et aI., 1982; Sahrawat and Keeney, 1986). 
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A consideration of total denitrification products (NzO plus Nz) from the few field studies where N2 

has also been determined indicates that the fraction of NzO in the product gases typically ranges 

from nil to 20% (Delwiche, 1981; Makarov et aI., 1981; Bouwman, 1990). It is commonly believed 

that 10 to 30% of applied nitrogenous fertilizer is lost through gaseous emissions of which 

denitrification is the major contributor. Consequently only a small fraction of fertilizer-N (0-5%) 

can be expected to be lost as N20 and this normally occurs within 6 weeks after fertilizer 

application (Mosier et aI., 1982; Mosier et aI., 1983). The limited number of direct field data 

currently available point to average N20 loss rates of only 0.5 - 2% of the applied fertilizer nitrogen 

(Bolle et aI., 1986; Bouwman, 1990). However this estimate does not take into account the likely 

loss of N20 dissolved in drainage water from fertilized land. Amounts comparable to those released 

directly from the soil surface may occur from drainage water (Bolle et aI., 1986) bringing the 

possible total loss of NzO-N from fertilizer-N to 1-4%. It should be stressed, however, that direct 

measurements of dissolved N20 in drainage water and leachate are very limited and many more 

studies of this fraction are required. 

Bouwman, in a recent comprehensive review of NzO emissions from soils (Bouwman, 1990), 

developed two equations which correlated measured NzO fluxes from fertilized fields with rates of 

fertilizer applications. Eq uation 3-1 applies to crops only, with data for fertilizer applications 

exceeding 250 kg N ha-' yr- 1 and poorly drained soils excluded: 

where: 

1.878536 + 0.00417 N ........................ [3-1] 

N20 emission (kg N20-N ha-1 yr-') 

N fertilizer level (kg N ha-1
) 

Equation 3-2 combines data for both grassland and crops but excludes fertilizer applications 

exceeding 500 kg N ha- 1 yr-' for grassland, fertilizer applications exceeding 250 kg N ha-1 yr- 1 for 

crops, and data for poorly drained soils for crops. 

1.454114 + 0.007496 N ........................... [3-2] 

The above equations have been employed to provide an additional framework for assessing New 
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Zealand's nitrous oxide emissions. 

3.3. N-inputs and nitrous oxide outputs from land surfaces in New Zealand. 

3.3.1. Grassland 
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Grass-clover pastures play a pivotal role in New Zealand's pastoral agriculture. The general 

characteristics of these pasture systems are: a high concentration of total soil N, resident soil organic 

matter of a mull type, and a high level of herbage utilization by grazing animals. The N inputs to 

these improved pastures are typically: 100 to 300 kg N ha-I yr- I from N fixation, 15 kg N ha" yr- I 

from natural sources (e.g. wet and dry deposition), and 0 to 100 kg N ha" yr- I from nitrogenous 

fertilizer. This gives a total nitrogen input into typical improved pastures of 115 to 415 kg N ha- ' 

yr- I . 

In intensively grazed sheep pastures, 23 to 25 % of soil is typically affected by urine depositions 

each year (Williams, 1988). Calculations for sheep and cattle urine affected areas were made 

according to the number of animals, the mean urine patch areas and mean number of urination 

events per day (Table 4-2). The estimates for both, intensively grazed sheep and dairy pastures 

acknowledge the likelihood of a 50 % overlap of urine affected areas on an annual basis (Table 3-1).-

New Zealand measurements of N20 production from legume-based pastures unaffected by urine 

(Table A-3) gave values of approximately 4 to 11 g N20-N ha- I day-I (Ruz-Jerez, 1991; Sherlock, 

1984). Those values are consistent with the range of measurements made elsewhere (ca 5 to 20 g 

N20-N ha- ' day-I (Table A-1(e)). Minimum and maximum values of 5 and 10 g N20-N ha- ' day-I 

have been used for the estimate in this work (Table 3-1). 

From urine affected soil, N20 fluxes are likely to be substantially higher. However, there are very 

few direct measurements which can be used as a guide for nitrous oxide emission assessment 

purposes. From a low fertility prairie soil, which received 450 kg urea-N ha- ' as simulated urine, 

Mosier et al. (1981) measured mean annual fluxes of 6.9 g N20-N ha- ' day-I. Indications are that 

N20 release from real urine is greater than that from a urea solution (Sherlock and Goh, 1983). 

In addition, Mosier et al. (1981) found that th~ emission rates from soil receiving simulated urine 

exceeded that from unaffected soil by about a factor of 3. A minimum estimate of 8 g N20-N ha- ' 
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day" from urine affected soil is used here (Table 3-1) which represents twice the rate from urine

unaffected New Zealand pasture measured by Ruz-Jerez (1991). Consequently a maximum 

anticipated N20 flux of 30 g N20-N ha" day" (i.e. 3 times the maximum value for non-urine

affected pasture soil measured by Ruz-Jerez, 1991) was used for urine-affected pasture soil (Table 

3-1). 

For tussock grassland, the values used for expected N20 fluxes are those obtained again by Mosier 

et al. (1981) from native prairie soils in Colorado (0.5 to 2.3 g N20-N ha-' day"). Values three 

times greater than these are presumed to represent fluxes from urine affected tussock grassland soils. 

For organic (peat) soils, estimated N20 fluxes are again assumed to be similar to those measured 

in overseas studies (Table A-2(c)). Minimum and maximum values of 100 and 300 g N20-N ha" 

day" are used. (Table 3-1). 

3.3.2. Arable land 

The reported N20 emission values from arable soils are in the range of 3 to 27 g N20-N ha" day" 

(Table A-2(a)). The one exceptional vaiue of 112 g N20-N ha-' day-' from Bremner et aL (1981) 

was after application of anhydrous ammonia. This fertilizer is unavailable in New Zealand and 

therefore this exceptional value is not included in the calculation. 
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3.3.3. Forest soils 

Soils growing exotic forest species (principally radiata pine) have, in contrast to grassland, a litter 

layer which may contribute from 30 to 40 kg N ha-I yr- I to the soil as it mineralizes (Will, 1982). 

New Zealand's exotic forest soils tend to be well drained and probably possess both low nitrification 

and denitrification rates (Dyck, 1982). No data exist for N20 fluxes from forest soils in New 

Zealand. Consequently the N20 emission rates of temperate coniferous forest soils (5 to 7 g N20-N 

ha-I day-I) measured by Goodroad and Keeney (1984b) are used here. This seems valid since about 

90% of New Zealand's exotic forests are coniferous. 

Native forests (principally beech forests) probably experience N cycling rates of approximately 50 

kg N ha- I yr- I and more closely resemble tropical forests in being nearly closed systems with rapid 

recycling of nutrients (Green, 1982). The values from the tropical forest have to be used simply 

because of the dearth of nitrous oxide measurements from New Zealand native forests. 

Consequently, the values found for tropical forests (6 to 7 g N20-N ha- I day-I) are used here. 

Nitrous oxide production from other plantations is assumed to be similar to those measured for 

deciduous forest (1 to 4 g N20-N g ha- l day-I). 

With reference to the method employing Bouwman's regression equations (Table 3-2), realistic 

estimates of total N inputs are used for each land-use category. However, the estimates obtained 

from these equations must be treated with caution, since the regression equations were derived from 

studies of arable and grassland systems which received varying rates of nitrogenous fertilizers and, 

in that respect, are not similar to the pastoral agriculture practised in New Zealand. For the purpose 

of the estimate in this chapter, urine is considered a "fertilizer" and its behaviour probably 

approximates a urea solution applied at a h~gh rate. 
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Table 3-1: Estimated nitrous oxide fluxes from New Zealand ecosystems. 

Land-use categories Estimated nitrous oxide flux 

Area (g N20-N ha-I (tonnes N20-N year-I) 

(ha) day-I) 

Min Max Min Max 

Forest (total) 7,200,000 

- exotic (coniferous) 1,265,000 5.0 7.0 2,309 3,232 

- native 5,935,000 6.0 7.0 12,998 15,164 

Grassland (total) 13,489,828 

- intensive grassland (total) 9,491,000 

- dairy farmland 1,433,031 

- dairy pasture, urine affected 764,704 8.0 30 2,232 8,373 

- sheep pasture, urine affected 1,595,487 8.0 30 4,659 17,471 

- pasture unaffected by urine 7,130,809 5.0 10 13,014 26,027 

- tussock grassland 3,998,828 

- !lrine affected tussock grassland 102,068 3.0 7.0 112 261 

- unaffected tussock grassland 3,896,760 0.5 3.0 711 4,267 

Arable land (total) 420,000 

- fruit and vegetables 89,000 10 80 325 2,599 

- crops (total) 331,000 

- cereal 158,041 7.0 8.0 404 461 

- other 172,959 1.0 27 63 1,711 

Plantations (deciduous) 1,304,240 1.0 4.0 476 1,904 

Organic soils 140,000 100 300 5,110 15,330 

Other Land use 4,285,932 0.5 1.0 782 1,564 

NZ Total: 26,840,000 43,194 98,364 

ESTIMATED MEAN: 70,779 t N20-N a-I 
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Table 3-2: Estimated annual nitrogen inputs into ecosystems in New Zealand and nitrous oxide 
fluxes from those ecosystems calculated using the regression equations of Bouwman (1990). %) 

Land-use categories Estimated annual nitrogen fluxes 

Area Inputs Outputs 

(ha) (kg N ha·1) (tonnes N2O-N) 

Min Max Min Max 

Forest (total) 7,200,000 

- exotic (coniferous) I) 1,265,000 9.0 27 2,424 2,519 

- native 5,935,000 10 32 11,397 11,941 

Grassland (total)*) 13,489,828 

- intensive grassland (total) 9,491,000 

- dairy farmland 1,433,031 

- dairy pasture, urine affected 764,704 1,030 1,580 7,027 10,167 

- sheep pasture, urine affected 1,595,487 565 865 9,077 12,665 

- pasture unaffected by urine 7,130,809 115 415 16,815 32,551 

- tussock grassland 3,998,828 

- urine affected tussock grassland 2) 102,068 454 465 496 504 

- unaffected tussock grassland 3,896,760 4.0 15 7,385 7,564 

Arable land (total) 420,000 

- fruit and vegetables 89,000 200 500 241 463 

- crops (total) 331,000 

- cereal *) 158,041 150 300 396 495 

- other 172,959 150 300 433 541 

Plantations *) (deciduous) 1,304,240 50 200 2,722 3,538 

Organic soils #) 140,000 10' 50 269 292 

Other Land use &) 4,285,932 4.0 15 8,123 8,319 

NZ Total: 26,840,000 66,804 91,561 

ESTIMATED MEAN: 79,182 t N20-N a·1 

%) from Bouwman (1990) different equations for N application under and over 250 kg N/ha 
*) data from Department of Statistics (1990a,b) 
#) data from Davoren (1978) 
&) including mountain, beach, road and other barren land; assumed figures for N20 
1) in 30 year period one 200 kg/ha application approx. after 10 years 
2) on tussock grassland 1 sheep/ha 
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3.4. An estimation of nitrous oxide production from New Zealand soils. 

3.4.1. Total NzO emissions. 

Tables 3-2 and 3-3 summarise the N20 estimates from New Zealand soils. 

Both methods provide similar mean 

estimated annual emission values of 

71,000 and 79,000 tonnes of N20-N 

summed over the whole land surface. 

The range of uncertainty is ± 30 to 

40 %. 

Estimates for nitrous oxide emissions 

by the two methods (see Figures 3-1 

and 3-2) indicate similar results for the 

two main ecosystems in New Zealand, 

forests and grassland, which together 

are estimated to contribute over 80% 

of New Zealand's soil derived nitrous 

oxide emissions. Figure 3-2 shows that 

the fractions of nitrous oxide emitted 

by grassland and arable land are 

higher than the percentage land area 

occupied by these ecosystems would 
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Figure 3-1: Comparison of the N20-N emissions from 
different ecosystems in New Zealand estimated by the 
ecosystem method (Table 3-1) and the method by 
Bouwman (Table 3-2). 

suggest. The biggest uncertainty is with organic soils which occupy only 0.5% of the land area of 

New Zealand but may contribute 15% of the ove~all nitrous oxide emissions. 

These results provide an indication that research should focus on grassland and arable as well as 

organic soils to better refine New Zealand's nitrous oxide budget. In addition, nitrous oxide 

emissions from forest soils especially the native temperate forest, can only be refined with research 

carried out in these unique ecosystems. 
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Figure 3-2: Percentage land area and percentage nitrous 
oxide estimated by the ecosystem method and the method 
by Bouwman (Plantations are included in the figure for 
forest soils). 

3.4.2. Anthropogenic emissions. 

41 

The anthropogenic component of these emissions may be estimated by summing the contributions 

from pastoral and arable agriculture, plantations and exotic forestry. These amount to mean values 

of approximately 43,000 and 59,000 tonnes. N20-N for the first and second methods respectively. 

However it is necessary to correct these values by subtracting estimates of the emissions of the N20 

that would have occurred prior to the extensive forest felling and clearing that began following 

European land settlement. If it is assumed that all of the land which is currently used for intensive 

pastoral and arable farming was once native forest then the historical N20 emissions from that 9.9 

million hectares calculated using the first method is 23,500 tonnes N20-N per annum (range: 21,700 

to 25,300 tonnes N20-N). Corrected anthropogenic N20-N emissions from soil then reduce to 

19,000 tonnes N20-N (range: 1,894 to 36,736 tonnes N20-N). Using the second method, historical 
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N20 emissions from 9.9 million hectares of native forest are estimated to be 19,500 tonnes N20-N 

(range: 19,000 to 19,900 tonnes N20-N). Corrected anthropogenic emissions by the second method 

reduce to 39,563 tonnes N20-N (range: 28,016 to 51,109 tonnes N20-N). These estimates are 

summarised below (Table 3-3). 

Using the approaches outlined here, the human impact due to conversion of native forest to pasture 

has probably increased the nitrous oxide burden to New Zealand by roughly threefold. This increase 

is consistent with the effect identified when tropical forest is converted to cattle pasture (Luizao et 

aI., 1989). 

Table 3-3: Estimated annual, total, anthropogenic and corrected anthropogenic nitrous oxide fluxes 
from New Zealand soils. 

Total N20-N flux 
from s_oil . 

Anthropogenic N20-N 
fluxes from soil 

Corrected anthropogenic 
N20-N fluxes from soil 

a) Uses data from Table 3-1. 

b) Uses data from Table 3-2. 

Method l a) 

(tonnes NzO-N) 
Min. Max. Mean 

43,000 98,000 71,000 

23,594 62,039 42,817 

1,894 36,739 19,317 

Method 2b) 

(tonnes NzO-N) 
Min. Max. Mean 

67,000 92,000 79,000 

47,016 71,009 59,012 

28,016 51,109 39,563 
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3.5. Summary 

Data from the world literature were used to make a "best guess" estimate of the nitrous oxide 

emissions from New Zealand. The whole land area was divided into different land-use categories 

and nitrous oxide emissions from these areas were estimated by using emission rates from similar 

ecosystems made elsewhere in the world. An alternative method estimated the emissions from these 

land-use categories using regression equations which required appropriate values for the annual 

nitrogen inputs into these systems. The two methods gave similar results although estimates from 

agricultural land using the regression method were higher. Annual emissions via the two methods 

were calculated to be 71,000 and 79,000 tonnes N20-N respectively with an uncertainty of ± 30 to 

40 %. These total annual losses include an anthropogenic contribution of 19,000 and 40,000 tonnes 

N20-N for the first and second method respectively, when corrected by subtracting estimates of 

nitrous oxide emissions from forested land prior to clearing by European settlers. 

This report clearly demonstrates the lack of data on emissions of nitrous oxide from urine patches 

as well as urine-unaffected areas and their contribution to the total nitrous oxide budget from New 

Zealand. Furthermore, no studies have been carried out to investigate the impact of cultivation of 

intensive grassland on the nitrous oxide emissions from New Zealand. Also the most important 

factors influencing the nitrous oxide emissions from New Zealand soils are poorly understood. It 

is in the light of these deficiencies· that the study described in this thesis was carried out. 
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CHAPTER FOUR 
4. Materials and methods 

4.1. Introduction 

This chapter describes all the materials and methods used in the field experiments. In order to 

achieve the objectives outlined in Chapter one, two main field experiments (experiment one and 

two) were conducted. Both experiments were located on intensive grassland at Henley Farm (a 

Lincoln University Research Farm), located 5 km north of Lincoln University. In addition, a 

preliminary experiment was carried out to test the techniques used in the subsequent experiments. 

Section 4.2. gives an overview as well as a description of the treatments, the sampling frequencies 

and interpolations of results and the statistical analysis of the three experiments. These sections are 

followed by methods used for soil description purposes (Section 4.3.) and microclimatological 

measurements (Section 4.4.). Sections 4.5. and 4.6. describe in detail how nitrous oxide and 

dinitrogen emissions were measured and how additional measurements for characterising the factors 

influencing nitrous oxide emissions were carried out. 

4.2. Experiments 

4.2.1. Description of experiments 

4.2.1.1. Preliminary field experiment 

In order to test the techniques for nitrous oxide emission measurements from soil and the analytical 

procedures involved, a preliminary field experiment was conducted from May 15 to June 30, 1992. 

The experiment was located at the AgResearch Farm at Templeton (20 km West of Lincoln 

University). The soil (Templeton silt loam, Section 4.3.) supported an old ryegrass/clover pasture. 

Natural urine solution previously collected from dairy cattle was applied at rates of 293 and 374 kg 

N ha-1 on areas representative of sheep and cattle urination spots (0.0491 m2 and 0.385 m2 

respectively). Measurements included daily monitoring of nitrous oxide fluxes at 1400 hours 

(Section 4.5.1.) and soil temperature measurements (Section 4.6.6.). In addition, on June 24, 1992 

nitrous oxide emissions were measured over a 24 hour period. 
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The statistical design was a fully randomized block design with 3 treatments (sheep urine, cattle 

urine and control plots) each with 3 replications. The statistical analysis was performed according 

to the description in section 4.2.4. 

4.2.1.2. Experiment one 

The first field experiment from December 1992 to December 1993 was designed to measure nitrous 

oxide from untreated (control), urine-treated and ploughed young intensive grassland (4 to 5 years 

old). Another aim was to determine the effects of soil and environmental factors on the nitrous 

oxide emissions. These included soil factors such as inorganic N forms (N03-, N02- and NH/), soil 

water content, soil water soluble carbon, pH, conductivity and environmental factors such as soil 

and air temperature. The statistical design was a totally randomized block design with four 

replications per treatment. To allow destructive sampling for soil analysis each plot was divided into 

gas sampling and soil sampling areas as shown in Figure 4-1. 

Observations were carried 

out in all four seasons of 

1993. The treatments in 

the summer period were: 

control, urine-affected, wet 

control; in the autumn 

period: control, unne

affected, autumn ploughed 

intensive grassland; in the 

winter period: control, 

urine-affected, autumn 

ploughed (continued) and 

III the spnng period: 

control, urine-affected and 

replication: 1 2 3 4 

, T Legend: 

I gas sampling Plotsl" " 
" , 13.60 m soil sampling plots " 

1----- 13.60 nmlr-----i 

Figure 4-1: Experimental outline for the first experiment (December 
1992 - December 1993). 

spring ploughed intensive grassland. 

The largest single contribution of nitrous oxide emissions from New Zealand IS from urine-
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unaffected intensive pasture (Tables 3-1 and 3-2). Measurements from control plots assessed nitrous 

oxide emissions from this land-use category. All plots were subjected to natural rainfall except for 

the wet control treatment which was maintained throughout the summer period. This wet control 

was untreated pasture adjusted to the 75th percentile of the rainfall records from the last 100 years 

for Lincoln. The reason for the wet control treatment during the summer period was to assess the 

finding of some researchers that nitrous oxide emissions are mainly driven by a combination of soil 

temperature and water content. A wet control in the summer period, where the soil temperature is 

likely to be highest throughout the year, is best suited to test this finding. 

Urine-affected pasture, effectively constitutes more than 9% of the land area of New Zealand (see 

Table 3-1). To assess nitrous oxide emissions from this source, single synthetic urine applications 

(Section 4.2.2.1.) at a rate comparable to sheep urination events were repeated four times throughout 

the year. The aim was to simulate summer, autumn, winter and spring sheep urination events and 

obtain information about any seasonal variability in the resulting nitrous oxide emissions (Section 

2.3.7.). 

Conversion of grassland into arable land, with the concomitant effect of decomposition and 

mineralisation which increases the levels of inorganic N (NH4 + and N03-), has a stimulating effect 

on nitrous oxide production (Bolle et aI., 1986 in Smith and Arah, 1990; Duxbury et aI., 1982; 

Goodroad and Keeney, 1984; Ryden, 1981). Common farming practice in New Zealand (particularly 

in Canterbury) is to alternate intensive pasture with arable cropping in a cycle of 2 to 5 years. To 

investigate effects on nitrous oxide emissions due to this practice, autumn and spring ploughing 

events were simulated (Section 4.2.2.2.). 

The treatments and times of urine applicati~n and ploughing events through the first experiment are 

summarised in Table 4-1. 



48 Materials and methods 

Table 4-1: Different treatments and their starting times throughout the first experiment (December 
1992 - December 1993). 

Treatment initiation corresponding to the season 

Treatments Summer Autumn 1 Winter Spring 

Control start: 15112/92, cont'd throughout the year 

Synthetic urine 15112/92 7/4/93 I 16/6/93 21/9/93 

Ploughing - 24/3/93 cont' d 21/9/93 

Wet Control 15112/92 I 
Nitrous oxide fluxes were measured using a soil cover method (Section 4.5.1.). Measurements from 

control plots were continued throughout the whole year while measurements from urine-affected and 

ploughed plots were continued until no statistical difference was observed compared to the control 

plots (Section 4.2.4.). In addition to the nitrous oxide measurements, dinitrogen was measured using 

the 15N method (Section 4.5.2.) which was possible through the application of 15N-labelled synthetic 

urine solution on the gas sampling plots (Section 4.2.2.1.). 

All other measurements including soil water content (Section 4.6.1.), inorganic nitrogen (Section 

4.6.2.), water soluble carbon (Section 4.6.3.), pH (Section 4.6.4.), conductivity (Section 4.6.5.), soil 

and air temperature (Section 4.6.6.), dry matter production which enabled the calculation of plant 

N uptake (Section 4.6.7.) and measurements of microc1imatological data needed to calculate 

evapotranspiration (Section 4.4.) were performed to assess the influence of possible soil and 

environmental factors on nitrous oxide production. Measurements of soil bulk density (Section 

4.3.2.) and soil moisture release characteristics (Section 4.3.1.) were obtained to enable further 

calculations (e.g. soil water suction from water co~tent measurements). Furthermore, the particle size 

distribution (Appendix C) and hydraulic conductivity (Appendix D). were determined to provide 

additional information for soil description purposes. 

4.2.1.3. Experiment two 

The second field experiment performed in April 1994 (start: 7 April 1994) focused on the main 

mechanisms for nitrous oxide production from urine affected areas i.e. nitrification and 
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denitrification. The experiment was designed and analyzed as a completely randomized block design 

(Figure 4-2) to study the effect of different ages of intensive pasture (young and old pasture; 

Section 4.2.2.3.) each at three moisture levels (maximum, intermediate and minimum moisture 

content, Section 4.2.2.4.) and their interactions on N20 emissions from urine affected areas. The 

experiment was performed with three replicates per treatment. The treatments were selected to 

examine further the results from the preliminary experiment and experiment one which indicated 

that emissions from old pasture (preliminary experiment) were higher than from young pasture 

(experiment one) and that soil moisture had a major effect on N20 emissions. The treatments in 

experiment two were chosen to assess these findings under more controlled conditions. 

Separate adjacent areas were designated for gas and soil sampling. The layout of one of the two 

sampling areas, which were identical, is shown in Figure 4-2. 

In addition to the young pasture used 

in the first experiment (4 to 5 year old 

pasture) soil blocks of undisturbed > 

20 year old intensive pasture from the 

AgResearch Research Farm at 

Templeton were obtained and 

relocated at Henley Farm next to the 

young pasture blocks (Section 

4.2.2.3.). To enable the exact 

adjustment of three moisture levels in 

the soil (Section 4.2.2.4.), natural 

rainfall onto the plots was prevented 

with a rain shelter. 

replications: 

wet 

moist 

dry 

young pasture 

2 3 

old pasture 

--r-
0.40 m(gas) 
~m(soil) 

Figure 4-2: Diagrammatic representation of experiment 
two (April 1994) (note: separate areas for soil and gas 
sampling). 

Furthermore the experiment enabled the study of the dynamics of the nitrous oxide flux on a diurnal 

basis. The daily dynamics and the daily flux of nitrous oxide were established by measuring the 

emission of nitrous oxide at 5 times per day (0800, 1200, 1400, 1600 and 2000 hours) with the soil 

cover method used in experiment one (Section 4.5.1.). The dimensions of the gas sampling plots 

were the same as the urine treated plots in experiment one (0.0491 m2
) . 
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To distinguish between nitrous oxide emitted via nitrification and denitrification and dinitrogen via 

denitrification, soil cores from the top 5 cm of urine-treated soil were incubated in glass jars in the 

field in the presence of 0, 5 Pa and 10 kPa acetylene (Section 4.5.3.). The relative amounts of 

nitrous oxide emitted via nitrification and denitrification as well as the dinitrogen from 

denitrification were obtained. The actual amounts of nitrous oxide emitted via these pathways and 

dinitrogen were calculated by multiplying these relative amounts by the integrated daily nitrous 

oxide flux obtained from the soil cover method (Section 4.5.3.). 

Soil samples for analysis of water content (Section 4.6.1.), inorganic nitrogen (N03-, N02- and NH/) 

(Section 4.6.2.), pH (Section 4.6.4.), conductivity (Section 4.6.5.) and water soluble carbon (Section 

4.6.3.) were taken from the soil sampling areas at 1400 hours on the days of nitrous oxide 

measurements. The measurements outlined above were carried out at 4 selected days during a 20 

day period after synthetic urine application (day 1, 5, 12 and 19 after urine application). 

4.2.2. Treatments 

4.2.2.1. Urine plots 

Urine is a concentrated aqueous solution containing nitrogen, potassium and sulphur as the dominant 

inorganic elements and typically has a pH value of 8 to 9 (Haynes and Williams, 1993; Monaghan, 

1991). Diet and fluctuations over the day can cause substantial variations in the urine composition. 

Nitrogen in urine is mainly in the form of urea and amino-No Urea-N may vary from 50 to 95% and 

the amino-N from 10.5 (Doak, 1952) to 21.5% (Bathurst, 1952) of the total N. More than 90% of 

the amino-N in hydrolysed urine is due to glycine. However, roughly 50% of the glycine in sheep 

urine is in a non-available peptide or hippuric ~cid form (Bathurst, 1952). Therefore, a ratio of 

0.9:0.1 of urea:glycine seems most reasonable to use in a synthetic urine solution. Analyses of urine 

samples have revealed that the major cations present are K+ and Na+, and the major balancing anions 

are HC03-, and cr (Haynes and Williams, 1993). 

Table 4-2 summarises typical mean values for total N, urination events and urine patch areas for 

sheep and cattle. 
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Table 4-2: Typical mean values for total N, number of urinations, volume per urination event and 
urine patch areas for sheep and cattle. 

Sheep Cattle Reference 

total N (g fl) 9 10 1,3 

urea-N (%) 75 75 2 

vol.lurinat. (m~) 1504) 19254) 3 

mean No. of 
urination/day 194

) 104) 3 

urine patch area (m2
) 0.0374) 0.2604

) 3 

I = Monaghan (1991); 2= Doak (1952); 3 = Haynes and Williams (1993) 
4) = calculated mean values from Haynes and Williams (1993) 

In both experiments, synthetic urine rather than natural urine was used. The advantages of synthetic 

urine compared to natural urine are that it is readily available in the same composition in any 

required amount and can be easily labelled to a high degree of enrichment with the ISN isotope. Care 

was taken to approximate the composition of natural urine as closely as practi~able by using urea 

and glycine as N sources as well as potassium bicarbonate, potassium chloride and potassium 

sulphate. 

The gas sampling plots in experiment one were treated with ISN-Iabelled (50 atm. %) synthetic urine. 

ISN-urea (99atm%) and ISN-glycine (99atm%) were used to create the labelled urine. Calculations 

of ISN requirements were made using the method of Cabrera and Kissel (1989). 

All urine treated plots used for soil sampling in experiment one as well as all plots (gas sampling 

and soil sampling plots) in experiment two, were treated with non ISN-Iabelled urine. 

The urine compositions used in experiments one and two are summarized in Table 4-3. 
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Table 4-3: Urine compositions and effective application rates used in experiments one and two. 

non labelled Urine 15N labelled Urine 

g fl kg ha-1 g fl kg ha-1 

Urea-N 11.04 5.49 

15Urea-N - 5.95 

Glycine-N 1.23 0.61 

'5Glycine-N - 0.66 

Total N*) 12.27 500 12.71 518 

K 9.82 400 9.82 400 

Cl 2.45 100 2.45 100 

S 0.37 15 0.37 15 

*) the differences in g ~itre-I and kg ha- I of total N between the non-labelIed and labelled synthetic urine occur because 

calculations are done on a mole rather than on a weight basis. 

To achieve the application rates given in Table 4-3 the synthetic urine solution had to be applied 
-, 

on gas and soil sampling plots at a rate of 4.073 Q m-2 (i.e. 200 mQ of solution per' gas sampling 

plot). Care was taken to apply the solution as evenly as possible with a small watering can. In 

experiment one, only the actual gas sampling area was treated with solution while in experiment two 

the area outside the actual gas sampling plot (outside the ring) was treated as well. 

4.2.2.2. Ploughed plots 

The ploughing effect in autumn and spring during experiment one was simulated by cutting blocks 

of soil (roughly 5 cm wide and 20 cm deep) with a spade and placing them back in an inverted 

position so that all plant material ended up at a depth of 10 to 20 cm below the soil surface. Care 

was taken to leave the soil in a state which closely resembled mechanical ploughing. To create a 

soil surface more conducive to the procedures involving gas and soil sampling, soil clods larger than 

approximately 10 cm were broken down with the spade. 
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4.2.2.3. Different ages of intensive pasture 

For experiment two, soil was relocated from the AgResearch Farm at Templeton which had been 

under intensive pasture for more than 20 years. Care was taken to obtain undisturbed blocks of soil: 

width 40 cm, length 40 cm, depth 30 cm for gas sampling plots and width 60 cm, length 60 cm, 

depth 30 cm for soil sampling plots. These soil blocks were relocated into pre-made holes in the 

experimental area at Henley Farm. The young pasture at Henley Farm was treated in the same way 

as the blocks from the old pasture. To minimize any artifact due to relocation, the whole relocation 

process was finished four months before the start of the second experiment. Care was taken to 

establish good contact with the surrounding soil by filling in any cracks and holes with soil. 

Furthermore, for the first two months following relocation the pasture was regularly irrigated to 

ensure pasture growth. 

4.2.2.4. Moisture treatment 

In experiment two, three moisture levels (maximum, intermediate and minimum moisture content) 

were established in the old and young pasture soil. In order to avoid uncontrolled wetting up due 

to natural rainfall, the plots were covered with a polyethylene sheet starting five weeks before the 

beginning of the experiment. The sheet was only placed over the plots at times of rainfall to avoid 

any artifact due to prolonged coverage. 

Three weeks prior to the start of the experiment, simulated rainfall applications equivalent to 5 mm 

rain/day to the maximum moisture content and 2.5 mm rain/day to the intermediate moisture 

treatment were initiated and continued until the end of the experiment. The rate of 5 mm/day for 

the maximum moisture treatment exceeded t~e evapotranspiration rate (using the Penmann-Monteith 

equation, see Section 4.4.2.) for the same time period the previous year and was applied to create 

near saturated conditions in the soil. In order to create a measurable difference between the 

maximum and intermediate moisture treatment only half the maximum rate (2.5 mm rain/day) was 

applied to the intermediate moisture treatment. The simulated rainfall applications were commenced 

well before the urine was applied to avoid any artifacts due to sudden moisture level changes in the 

soil when gas and soil sampling was initiated. To ensure an even water distribution within the actual 

plot area the soil plots plus an additional margin of 25 cm adjacent to the plots were evenly irrigated 
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with a watering can two times a week (Mondays and Thursdays). No water was applied to the dry 

treatment. The soil water suction values maintained in the plots are presented in Table 4-4. 

Table 4-4: Soil water suction (cm of water; means of 3 replicates with standard errors in brackets) 
maintained in the maximum, intermediate and minimum moisture content treatment (experiment 
two). 

moisture content Young pasture Old pasture 
treatments 

maximum 67 (12) 53 (9) 

intermediate 129 (39) 144 (100) 

minimum 84000 (46000) 93000 (60000) 

4.2.3. Sampling frequency and interpolations of results 

4.2.3.1. Experiment one 

Followingthe urine applications or ploughing events, nitrous oxide (Section 4.5.1.) was collected 

from the urine and ploughed areas almost every day. At times when the flux was very low « 3 g 

N20":N ha-1 day-I), typically during prolonged periods of no rainfall, results were linearly interpolated 

between measurements. The nitrous oxide flux from control plots was measured less frequently than 

from urine treated and ploughed plots, but sampling frequency increased again after rainfall events. 

Gas samples for dinitrogen (Section 4.5.2.) determination were obtained from the urine treated plots 

during the summer and autumn applications approximately every 5 days but more frequently after 

rainfall events. During the winter period as well as in the first 20 days after the spring urine 

application gas samples were collected daily. After this time the N2-flux declined below the 

detection limit (see Section 4.5.2.2.). 

Following the imposition of each urine or ploughing treatment, soil samples for analysis of inorganic 

nitrogen (N03-, N02- and NH/) (Section 4.6.2.), pH (Section 4.6.4.) and conductivity (Section 4.6.5.) 

from the urine treated plots were collected 1, 2, 3, 5, 7 and 10 days following application and then 

at 5 day intervals until day 35. Soil sampling after the 35 days was carried out at 10 to 20 day 
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intervals. Soil samples from the autumn ploughing were collected at 5 to 20 day intervals, but more 

frequently immediately after initiation of the treatment. Soil samples from the spring ploughing 

event were collected at the same times when soil from the urine applications were sampled. Soil 

samples from control plots were taken together with the first soil samples from the urine treated 

plots and at the end of the experiment. 

Water soluble carbon (Section 4.6.3.) was only measured after the spring application from urine 

treated and ploughed plots at those times when soil samples were collected for inorganic nitrogen. 

Soil samples for water content (Section 4.6.1.) analysis were collected in the summer period 

approximately every 5 days. From the autumn application onwards, samples were collected at the 

times of nitrous oxide measurement from urine treated plots (i.e. almost daily) until the end of the 

year. In addition, soil samples obtained for inorganic nitrogen analysis were also analyzed for water 

content. 

The following relationship was used to linearly interpolate measured values of nitrous oxide flux, 

inorganic nitrogen (N03-, NH/), soil water content, pH, conductivity and water soluble carbon for 

those days when no measurements were performed: 

Fj = F j _1 - (Fb - FJ/days ............................................... [4-1] 

where F j = the interpolated value for day i 
Fb = measured value before the interpolated time period 
F" = measured value after the interpolated time period 
F j _1 = value on the day before day i 
days = number of interpolated days between Fb and Fa 

The pasture (Section 4.6.7.) was clipped from urine and control plots when its height exceeded 7 

to 10 cm. The intervals between clippings varied substantially, being dependent upon climatological 

conditions, especially air temperature and soil moisture, which affect pasture growth rates. Daily 

growth rates of grass, clover and weeds from all the plots were calculated using the method 

described in section 4.6.7. 

Soil and air temperature (Section 4.6.6.) (30 minute means) as well as other micrometeorologicai 
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observations (Section 4.4.) were logged throughout the year on dataloggers. Rainfall (mm) was 

recorded daily at the time of nitrous oxide measurements (about 1400 hours) using a rain gauge. 

4.2.3.2. Experiment two 

In the period from 7 April to 26 April 1994 four days (day 1, 5, 12 and 19 after the start of the 

experiment) were chosen when all measurements were performed. These included: nitrous oxide (at 

0800, 1200, 1400, 1600 and 2000 hours), inorganic nitrogen (N03-, NH/), water soluble carbon, pH, 

conductivity, water content (at 1400 hours) as well as the nitrous oxide from the jar-incubation of 

soil cores (at 1630 hours) and soil and air temperatures which were automatically logged (30 min 

intervals) on a datalogger. 

4.2.4. Statistical analysis 

All mathematical analyses and calculations were performed in Quattro Pro version 4.0 (Borland). 

Analysis of variance together with the Duncan test for differences of means at the 0.05 and 0.01 

significance levels, were programmed in the spreadsheet according to the experimental set up. 

Several researchers have found that gas flux from spatially distributed soil plots approximates a 

lognormal rather than a normal (gaussian) frequency distribution (Section 2.3.7.) Therefore the 

analysis of variance for nitrous oxide and dinitrogen flux measurements were performed on log 

(natural logarithm) transformed values. For all other measurements a normal frequency distribution 

was assumed. Although statistical significances can be calculated, it is not possible to present 

uncertainties for lognormal transformed values because it is inappropriate to back transform 

lognormal transformed error terms to the original scale (Steele and Torrie, 1987). All significance 

levels will be mentioned in the accompanying tex~. Graphs in Chapters 5 to 8 represent mean values 

either geometrically (nitrous oxide and dinitrogen fluxes) or arithmetically calculated. Where 

appropriate, arithmetic means and standard errors are calculated to provide an indication of the 

uncertainties for geometrically calculated values. 

Measurements continued until there was no statistical difference between treatments and controls. 

For nitrous oxide this criterion was extended to include soil inorganic nitrogen, the main driving 

variable. 
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For arithmetic means (all other variables except gas fluxes) unless otherwise stated, standard errors 

were calculated and presented either as error bars in the graphs or in brackets adjacent to the mean 

values in Tables. 

The Genstat™ 5 software release 3.1. (Lawes Agricultural Trust; Genstat 5, 1993) was used to obtain 

information about relationships between nitrous oxide, soil water suction, temperature and inorganic 

nitrogen for the whole data set of experiment one using the SSPLINE function. This procedure is 

used in chapter 8 where it is described in more detail. 

4.3. Soil description 

4.3.1. Soil moisture characteristics 

, 
To relate the volumetric moisture content to the soil matric potential, the soil moisture release 

curves of both the young and old pasture soils were determined. For the young pasture the soil 

moisture release curve was determined for the top 15 cm in 5 cm increments while for the old 

pasture soil only the top 5 em was analyzed. 

The moisture release curves were determined for the range of 10 cm to 15000 em of water suction 

by using tension tables (10, 30, 56 and 100 cm) and pressure plates (1000, 3000 and 15000 cm). 

Samples of undisturbed soil were taken from the middle of each soil layer and placed in brass rings 

(1 cm high, 5 em diameter) and placed on tension tables and pressure plates which were adjusted 

to the respective suction/pressure and left in place until the soil had equilibrated. This was 

commonly 1 to 5 days for the tension tables and 2 to 8 weeks for the pressure plates. The saturated 

water content for the soils (i.e. 0 em sucti0!1) was calculated as: 

Ssat = 1- (pJps) ..................................................... [4-2] 

where Ssm = saturated volumetric water content [cm3 cm-3
] 

Pb = dry bulk density [g cm-3
] (see Section 4.3.4.) 

Ps = particle density [g cm-3
] (2.65) 

Results for the soil moisture release curve for young pasture soil (0-15 cm) and old pasture soil (0-5 

cm) are shown in Figure 4-3. 
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Figure 4-3: Soil moisture characteristic for Templeton silt loam under _ 
young pasture (0 - 15 cm) and old pasture (0- 5 cm) (points represent 
average values of three replicates). 

The power function which is widely accepted in the literature to provide a good fit to the soil 

moisture characteristic for a variety of soils (Grewal, 1991) is used to model the moisture release 

curves (Figure 4-3) using the relationship: 

S = ASB 
•••••..••••••••••••••••••••••••...•....••••..•••••...•..•• [4-3] 

where S = Suction [cm] 
S = volumetric water content [cm3 cm-3] 

A and B are parameters obtained by plotting In S vs. In S with In S = A* + B In S 
A = exp(A*) 

In order to get a better fit at high soil water contents different parameters were determined for 

suctions greater or less than 1000 cm of water, as summarized in Table 4-5. 
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Table 4-5: Power function parameters of soil moisture characteristics for soil under young pasture 
(0-15 cm) and old pasture (0-5 cm). 

Young pasture 

< 1000 cm > 1000 cm Old pasture 

Soil depth A B A B A B 

0- 5 cm 0.0065 -9.4151 0.0216 -8.3574 0.0751 -7.8906 

5 - 10 cm 0.0016 -11.1427 0.3856 -6.5210 - -

10 - 15 em 0.0068 -9.5891 0.3924 -6.2025 - -

Measured and modelled soil water suctions by using the relationship developed above are calculated 

and compared in Table 4-6. 

Table 4-6: Measured and modelled soil moisture characteristic for soil under young and old pasture 
using the power function (parameters from Table 4-5). 

Volumetric Water content (cm3 cm-3
) Suction (cm) predicted with power 

measured function 

Old p. Young pasture Old p. Young pasture 

Suction 0-5 cm 0-5 cm 5-10 cm 10-15 cm 0-5 cm 0-5 cm 5-10 cm 10-15cm 
(cm) 

0 0.5831 0.5796 0.5079 0.4996 5 1 3 5 
10 0.5293 0.4326 0.4507 0.4591 11 17 12 12 
30 0.4483 0.4253 0.4209 0.4272 42 20 25 24 
50 0.4385 0.3839 0.4025 0.3907 50 54 41 56 
100 0.4225 0.3730 0.3582 0.3714 67 70 149 91 
1019 0.3153 0.2774 0.3053 0.2875 677 1142 885 1060 
3058 0.2481 0.2396 0.2383 0.2244 4492 3317 4446 4159 
15291 0.2138 0.2004 0.2043 0.1872 14510 14766 12132 12801 

4.3.2. Bulk density 

Dry bulk density was determined for soil under young pasture for the top 15 cm and for the soil 

under old pasture for the top 5 cm. Soil core samplers (Soilmoisture Equipment Corp., California) 

equipped with brass rings (5 cm high, 5 cm diameter) were used to obtain undisturbed soil samples 
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for bulk density determination in the field. The soil samples were oven dried for 24 hours at 105°C 

and the bulk density calculated with the equation: 

Pb = M/VI .•••••.•••••••••••••••••••••••••••••••••••••...••••...•• [4-4] 

where Pb = dry bulk density [g cm·3
] 

Ms = oven dry soil [g] 
VI = total volume (brass cylinder volume) [cm3

] 

(Hillel, 1981) 

The results for bulk density for the soil under young and old pasture are summarized in Table 4-7. 

Table 4-7: Bulk density of Templeton silt loam. 

Bulk density [g cm-3
] I) 

Soil depth Young pasture Old pasture 

0- 5 cm 1.114 1.105 

5 - 10 cm 1.304 nd2) 

10 - 15 cm 1.326 nd 

I) values represent the mean of three replicate assays; 2) nd = not determined 

The soil bulk density is needed for the soil volumetric water content, inorganic soil nitrogen and 

water soluble carbon calculations. 

In addition, bulk density was determined for 15 to 45 cm depth with a gamma probe (CPN, 

California). These values were needed for the calculation of immobilised N from the applied urine. 

Dry bulk densities of 1.420 g cm-3 for 15 - 30 cm and 1.611 g cm-3 for 30 - 45 cm were obtained. 

4.3.3. Additional soil description 

Soil particle size analysis and soil hydraulic conductivity were also determined. These 

determinations are not used in later sections of the thesis. However, the interested reader can find 

these additional soil descriptions in Appendix C and D respectively. 
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4.4. Microclimatological measurements 

4.4.1. General measurements 

A range of micrometeorological parameters were measured to obtain additional information on the 

driving variables for nitrous oxide emissions from soil. These measurements enabled the calculation 

of evapotranspiration from soil (Section 4.4.2.). The micrometeorological measurements performed, 

the sensors used and the suppliers of the equipment are summarized in Table 4-8. 

Table 4-8: Micrometeorological measurements, sensors and suppliers. 

Measurement Sensors/equipment Supplier 

Air temperature thermistors, 1.2 m in Campbell Scientific, Inc. 
Stevenson Screen 

Soil temperature thermistors, soil surface, 2, Campbell Scientific, Inc. 
4,8, and 16 cm depth 

Humidity (wet - dry bulb thermistors (wet and dry) Campbell Scientific, Inc. 
temperature) in Stevenson screen 

Solar radiation Eppley precision Eppley 
pyranometer, 1.2m height 

Net radiation net radiometer, 1.2m Radiation and Energy 
height Balance Systems, Inc. 

Heat flux heat flux plates, 5cm and Radiation and Energy 
10 cm depth Balance systems, Inc. 

Windspeed Pulse output anemometer, Vector Instruments 
A 100M, 1.5 m and 6 m 
height 

Rainfall ram gauge Nylex 

Except for the rain gauge which was monitored daily at 1400 hours, all other measurements were 

logged on dataloggers (CRlO or 21X, Campbell Scientific, Inc.). The sensors measured every minute 

and half-hourly averages were stored on the datalogger for later down-loading to a portable 

computer. 
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4.4.2. Calculation of evapotranspiration 

The Penmann-Monteith equation (Monteith and Unsworth, 1990) was used to calculate 

evapotranspiration from the young pasture by: 

AE = L1 (Rn - G) + p Cp {es(Tz) - e(z) } Ira 
~ + Y (ra + rJ/ra 

.............................. [4-5] 

where E = evaporation rate [g m-2 S-I] 
A = latent heat of vaporisation [1 g-I] 
~ = rate of change of saturation vapour pressure [Pa KI] 
Rn = net radiation [W m-2

] 

G = heat flux at soil surface [W m-2
] 

p = density of air [kg m-3
] {- 1.2} 

Cp = specific heat of air [1 g-I KI] {=1.01 1 g-I KI} 
es(Tz) = saturation vapour pressure at ambient air temperature at height z [Pal 
e(z) = measured vapour pressure at height z [Pal 
y = psychrometer constant [Pa KI] {-66} 
rc = canopy resistance [s m- I] {between 50 - 100} 
ra = boundary layer resistance [s m-I] 

The heat flux at soil surface (G) was calculated by: 

G = GScm + [CI (Tav
i 

- T,/I)] d ..................................... [4-6] 

where GScm = heat flux at 5 cm depth [W m-2
] 

Cp = soil heat capacity [- 1.7x106 1 m-3 KI] 
Tav = (Tsurf + 2 T2cm + 2 T4cm)/5 [DC] 
d = depth of soil heat flux plate [m] 
I = time interval between two measurements i and i -1 [s] {= 1800} 

(Main, 1994 pers. comm.) 

and the boundary layer resistance by: 

{In[(z - dz)/zo]} 2 

K2 u(z) 

where z = height where windspeed is measured [m] {= 1.5} 
dz = zero plane displacement [-] {d/h - 0.6 - 0.7 where h = crop height in m} 
Zo = height where u = 0 [m] {- 0.1} 
u(z) = windspeed at height z [m S-I] 
K = Karman's constant [-] {= 0.41} 

(Monteith and Unsworth, 1990) 

[4-7] 
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The value for zih is usually between 0.08 - 0.12. Therefore at a crop height of 0.1 m Zo would be 

- 0.01 m and dz - 0.06 m. 

Estimation of the canopy resistance, rc' was calculated according to Shuttleworth and Wallace 

(1985) as: 

rc = ~ LAI .................................................. [4-8] 

where rc = canopy resistance [s m- I
] 

rST = stomatal resistance [s m- I
] 

LAI = Leaf area index [-] 

The stomatal resistance is calculated according to Taconet et al. (1986) as: 

where 

( 
1.2 W wilt ) 2 } 

+ 0.9 Wrz + 0.1 Wsurf 

rST = stomatal resistance [s m-2
] 

Ps 

LAI 
.................. [4-9] 

Ro = stomatal resistance when unstressed [s m- I
] {- 33 1

); 1652
)} 

Smax = maximum solar radiation [W m-2
] {- 800} 

Si = incident solar radiation [W m-2
] 

W wilt = soil moisture at wilting point [cm3 cm-3
] 

W rz = soil moisture in root zone {l5 - 40cm} [cm3 cm-3
] 

Wsurf = soil moisture at the soil surface {top 10 cm} [cm3 cm-3
] 

Ps = shelter factor [= LAY3] 
LAI = leaf area index {- 4 } 

I) Main (1994, pers. comm.) 
2) Kelliher et al., (1993) 

The soil moisture at the soil surface (Wsurf) is taken from the gravimetric moisture content from the 

top 5 cm. The soil moisture in the root zone (W rz)' which is ;lssumed to be at a depth of 15 to 

40 cm, is calculated from the soil moisture measurement of the top 40 cm using TDR (Time 

Domain Reflectometry)(Trase, Soilmoisture equipment Corp.) measurements and the gravimetric 

moisture content measurements from the top 15 cm by: 

Wrz = [(40 WTDR) - (5 Wo_s) - (5 WS- IO) - (5 W IO_ls)]125 ......................... [4-10] 

where W rz = soil moisture in root zone (15 - 40 cm) [cm3 cm-3
] 

W TDR = soil moisture (0 - 40 cm) using TDR [cm3 cm-3
] 

Wo_s = soil moisture (0 - 5 cm) gravimetrically [cm3 cm-3
] 
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W5,IO = soil moisture (5 - 10 cm) gravimetrically [cm3 cm'3] 
W ID,I5 = soil moisture (10 - 15 cm) gravimetrically [cm3 cm'3] 

TDR measurements were performed weekly and linearly interpolated to obtain daily moisture data. 

In addition, soil moisture measurements at a depth of 1 m were obtained using a neutron probe 

(Troxler Laboratories, USA). 

The density of air (p), latent heat of vaporisation (A.), psychometric constant (y), saturation vapour 

pressure (es(Tz» and the rate of change of saturation vapour pressure (Ll) were taken from tabulated 

data (Monteith and Unsworth, 1990 p. 268). In order to ease the calculation of those constants which 

change with temperature, regression equations were fitted to the data. The constants from the 

regression equations are summarized in Table 4-9. All relationships are functions of temperature 

(OC) with cubic regression equations in the form y = A + B Toe + C Toe2 + D Toe3. 

Table 4-9: Regression equations for constants used in the Pen mann-Monteith equation. 

Constants A B C D 

P .[g m,3] ·1289.5 -4.471 - . -

A. [J g'l] 2499.8 -2.376 - -

'Y [Pa K'] 64.62 0.0637 - -

esCTz) [Pal 623.9 49.611 0.516 0.0619 

.1 [Pa K'] 45.03 3.014 0.0534 0.00224 

Datalogger failures and other problems with the equipment were responsible for some missing data 

throughout the year. However those data were recalculated from available data and relationships 

derived throughout the periods when data collection was complete: 

Net radiation Rn could be predicted from solar radiation Rs with the regression equation: 

where Rn = net radiation [W m'2] 
Rs = solar radiation [W m'2] 
A = -29.593 [W m'2] 
B = 0.6251 [m2 W'I] 

[4-11] 
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Windspeed at a height of 6 m was calculated from winds peed at 1.5 m with the assumption of a 

logarithmic wind profile (Monteith and Unsworth, 1990 p.1l5) by: 

u(zl) = 

where 

u(z2) - u(z2) In(u(z2))/ln(zo) 
1 - [In {(z2)/ln(zo)}] 

.......................... [4-12] 

u(zl) = windspeed at 6 m height [m s-'] 
u(z2) = windspeed at 1.5 m height [m s-'] 
Zo = height where windspeed = 0 [m] 

G was calculated from temperature data with the assumption that: 

G oc dT/dz 

and 

therefore 

Existing data were observed and an average A-value determined via non-linear curve fitting to give: 

A =-0.65470 (range: -0.45202 to -1.1852). 

4.5. Measuring nitrous oxide and dinitrogen 

4.5.1. Collection and analysis of nitrous oxide samples 

4.5.1.1. Chamber system for gas sample collection 

The "closed chamber method" in combination with a sensitiye analytical capability is the most 

commonly used and easiest method for measuring nitrous oxide fluxes. The "open chamber method" 

is only used when no sensitive analytical capability is available. A general inability to measure 

accurately vertical N20 concentration gradients precludes in most situations the use of 

micrometeorological methods for determining nitrous oxide emissions (IAEA" 1992). In this study 

nitrous oxide fluxes were determined from gas samples collected over a typical cover period of 20 

min using a closed chamber system (Figure 4-4). 

The apparatus (Figure 4-4) was similar to the chamber system described in Matthias et al. (1980). 



66 Materials and methods 

Figure 4-4: Diagrammatic representation of the soil cover 
system. 

It consisted of a closed metal cylinder 

(diameter: 24 cm or 69 cm; height: 10 

cm) which was insulated with white 

polyurethane foam (2.5 cm thick) to 

avoid solar heating of the atmosphere 

beneath the chamber during the cover 

period. Measurements confirmed there 

was no significant difference between 

the temperature inside and outside the 

chamber during a typical cover period 

(Figure 4-5). 

To maintain pressure equilibration 

between the chamber atmosphere and the atmosphere outside the chamber a vent (Figure 4-4) was 

installed. The dimensions of the vent were calculated according to Hutchinson and Mosier (1981) 

for the largest anticipated pressure 

amplitude due to wind speeds on the 

Canterbury Plains. All pressure 

equilibration will be accommodated in 

the vent without losing accumulated 

nitrous oxide through mass flow out of 

the chamber. The vent dimensions for 

~::, 
• Air outside chamber 

a Air inside chamber -

the small chamber were: 6.4 mm 

diameter and 10.4 cm length; for the 

large chamber: 12.8 mm diameter and 

21.0 cm length. 

In order to minimize soil destruction 

and allow quick measurements, 

chamber support rings (5 cm high for 

pasture plots and 10 cm high for 

ploughed plots) were installed in the 

soil one week prior to the 

12 

11 

'" Soil outside chamber 

'\7 Soil inside chamber 

-, 

""'. I 
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Cover period (minutes) 
Figure 4-5 Comparison of soil temperature (2 cm depth) 
and air temperature (5 cm) inside and outside the chamber 
on a typical sunny day. 

I 
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experimental start (Figure 4-4). Approximately 2 cm of the rings projected out of the soil. The 

support ring diameters were slightly wider than the chamber (i.e. 25 cm for the small and 70 cm 

for the large chambers) so that the chamber during sample collection would fit inside and form a 

gas tight seal with the foam seal (Figure 4-4). The area sampled from control and ploughed gas 

sampling plots occupied 0.385 m2 (ring diameter = 0.7 m) in the centre of each plot (plot size 1.7 

x 1.7 m) (Figure 4-1). Urine treated plots occupied areas of 0.0491 m2 (ring diameter = 0.25 m) in 

the centre of larger untreated areas. During very windy days it was found that a metal wind shield 

placed upwind of the chamber reduced turbulence around the chamber base to prevent any possible 

air exchange into or out of the chamber atmosphere. 

On each sampling occasion, three head space gas samples of approximately 50 m~ volume were 

collected in disposable 60 m~ syringes via a syringe needle through the rubber septum (Figure 4-4) 

at around 1400 hours and analyzed within the next 24 hours. The gas sample collection time was 

chosen as the period when the flux change was the least compared with other times throughout the 

day (Figure 5-2). 

4.5.1.2. Analysis of nitrous oxide in a gas chromatograph 

Nitrous oxide samples were analyzed on a gas chromatograph (Varian Aerograph 'series 2800') 

equipped with a 63Ni electron capture detector (Pye Unicam). The whole gas chromatography system 

is similar to the one described in Mosier and Mack (1980) with two manually controlled switching 

valves (Va1co Instruments Co. Inc.). Detector, switching valves and column temperatures were 350, 

20 and 20°C respectively. The carrier gas was oxygen free nitrogen (NZIG) at a flow rate of 45 m~ 

min-I. In addition, purge gas (5 % CO2 in N2) was introduced directly into the base of the detector 

at a rate suffic~ent to increase the CO2 conc~ntration within the detector to approximately 500 - 800 

ppm which in turn increased the detector sensitivity. This additional purge gas was used from May 

1992 onwards after problems with a reduction in the sensitivity were encountered. 

Before gas samples were introduced, the lO-port valve was in position 'A' Figure (4-6). In this 

position the pre-column was back-flushed while the analytical column was being flushed with 

nitrogen carrier. The sample loop and the syringes 1 and 2 were flushed three times with air 

containing ambient concentrations of nitrous oxide and three times with 1 0 m~ portions of sample 

gas after the syringes containing the sample were connected to syringe 1 via a 3-way tap. 
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(vacuum) 

~ carrier gas 1 _--+-+-<> 
(45 mL mlnul.-') 
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syringe 2 
(vacuum) 

. N2 carrier gas 1 

(45mLminule-') 

syringe 1 
(sample In) 
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3 m analyUcal column 

4 port 
switching 
valve 

A final portion of sample gas was 

loaded into the sample loop and 

introduced into the analytical system 

by ·rotating the lO-port valve to 

position 'B' (Figure 4-6). The sample 

passed through the 1 m pre-column 

and then a 3 m analytical column 

which were both filled with Poropak 

Q(801l00 mesh), to separate their 
I Q-,f---oIIt-- ~ c."i.r gas 2 

(45mLminul.·') components. While gas travelled 

5 mL sample loop 

through the analytical column the 

second 4-port valve (Figure 4-7) was 

T~~~~IIt-~4port .... swllchlng also in position 'B' to ensure that 
3 m analytical column valve 

oxygen in the sample passed out of the 

system and not into the ECD, which 

would otherwise have overloaded the 

JJ-1L.......oo111t-- ~c."i.rg.s2 d t t . I d· t" d I 
(45 mL minute·') e ec or sIgna an In erlere severe y 

with the nitrous oxide signal. 

After 2.5 minutes the 4-port switching 
Figure 4-6: 10-port sampling valve on gas valve was turned into position 'A' and 

the carrier gas including the sample 

redirected to the ECD detector. At the same time the 10-port valve was switched back into position 

chromatographic system (explanations in text). 

'A' to allow preparation of the next sample. The nitrous oxide peak appeared with a retention time 

of approximately 4.8 minutes and after 5.5 minutes the next sample could be introduced into the 

system. 

The output of the detector was connected to an electronic module which controlled and amplified 

the signal. Integration of the millivolt output signal was performed on a personal computer (PC 

clone) fitted with an analogue to digital interface board running Peaksimple II software (SRI 

Instruments). The standard deviation for repeated injections of a single sample of ambient air on the 

gas chromatograph system after using the purge gas was always in the range of ± 1 to 4 ppbv • 

Before this time standard deviations reached occasionally up to ± 10 ppbv • Using the chamber 
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system described in Section 4.5.1.1., for a 20 minute sampling period the standard deviation of ± 

1 ppbv corresponds to a minium detectable N20 flux of 0.17 g N20-N ha- I day-I. 

Nitrous oxide gas standards were 

prepared fresh every day from ambient 

air and an industrially prepared gas 

standard (89 ppm ± 5 ppm) (~ 

standard, NZIG special gases) in 

concentrations of 0.53, 0.75 1.05 and 

7.74 ppmv' These values assume the 

concentration of nitrous oxide in 

ambient air is 306 ppbv (the subscript 

v denoting concentration on a volume 

basis). A second order regression 

equation was derived for each 

analytical session which was used to 

(a) Position A 

(b) Position B 

to detector 

N2 carrier gas 3 

45 mL minute-1 

N2 carrier gas 3 

45 mL minute-1 

to detector 

from 3 m analytical 
column 

vent 

from 3 m analytical 
column 

vent 

Figure 4-7: 4-port switching valve on gas chromatograph 
(explanations in text). 

convert the output in area units to concentrations (ppmv)' The nitrous oxide flux is calculated from 

the increase of nitrous oxide concentration within the enclosed chamber head space (i.e_ the slope 

of the regression equation, Section 4.5.1.3.). Even under conditions where the N20 concentration 

of ambient air may not have been 306 ppbv' the gradient of the regression line would still be the 

same because ambient air was used both for the standard preparations and as a separate standard 

itself. 

4.5.1.3. Calculation of gas flux from soil 

To calculate accurately the gas flux at the instant the chamber was positioned on its support ring 

three gas samples from the chamber atmosphere were taken at to(O min), t l (10 min) and ti20 min). 

This sampling procedure enabled the calculation of the N20 flux using the equation developed by 

Hutchinson and Mosier (1981) for non-linear N20 accumulation underneath the soil cover. The 

importance of the non-linear calculation procedure was shown by Anthony and Hutchinson (1990) 

for their N20 data that the calculation of the N20 flux assuming a linear N20 accumulation 

underestimated the total N20 emission by 27 %_ Three samples following covering allowed the 
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calculation of the flux both for linear and non-linear increases in nitrous oxide concentration during 

gas collection. The two conditions (linear and non-linear) are illustrated in Figure 4-8. 
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Figure 4-8: Typical nitrous oxide concentration increases beneath the 
soil cover illustrating the use of either equation A or equation B. 

The nitrous oxide flux was calculated by: 

F= 

with, 

where 

{ 

(CI-CO)/ (C2-C I) :::; 1 

(CI-CO)! (C2-CI) > 1 

(2~)'~ 

....................................... Eqt. A 

...................................... Eqt. B 

. OJ 
[(C2:-CO) Vc P] Cb!! CD MN2 
[G

c 
(T

K 
+ Tco)] Ac t

2
· •••••••.••.•..••••.•••••••.••..•. [4-13.1] 

Vc (C I - CO)2 

(2CI-C2-CO) 
In [ CI - CO] P Cba CD MN2 

C C [G (T T )] A 
............ [4-13.2] 

2 - I c K + Co c tl 

F = nitrous oxide flux [g N20-N ha- I day-I] 
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Co, C I, C2 = N20 concentrations at times to, tl and ~ [ppmvl 
P = atmospheric pressure [Pal {101325} 
Ve = Chamber volume [m3

] 

Ae = Chamber area [m2] 
Ge = Gas constant [J KI morl] {8.314} 
T K = absolute temperature at O°C [K] {273 .15 } 
T co = air temperature at 5 cm height [0C] 
Cha = conversion factor m2 to ha {I OOOO} 
CD = minutes per day [min] {1440} 
MN2 = molecular weight of N20-N [g mor l] {28.0134} 
to = 0 minutes, start of cover period [min] 
tl = ~12 [min] 
t2 = total cover period [min] 
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If FEql.B > 2 FEqt.A it was assumed that an artifact had occurred during sample collection (e.g. mass 

exchange of gas beneath the soil cover with the outer atmosphere) so that C2 had to be disregarded. 

To calculate the flux under those conditions FEqt.A was slightly modified by using C I and tl instead 

of C2 and t2. 

Average daily nitrous oxide emissions per year from the urine treatments which were monitored for 

less than a year were calculated by: 

x 

E (Fur i - Feont ) 
1=1 - -

365 

where, Favy = average daily N20 flux over a year (365 days) [g N20-N ha-I day-I] 
Fur i = daily N20 flux from the urine treatment on day i [g N20-N ha- I day-I] 
Feo~u = daily N20 flux from the control treatment on day i [g N20-N ha- I day-I] 
x = observation period [days] 
i = day of observation [day] 

[4-14] 

Average daily N20 fluxes over one year for the ploughed treatments were calculated with equation 

[4-14] by exchanging the term (Fuu - Feonl) with the daily emission from the ploughed treatment 

(Fpu)' 
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4.5.2. Collection and analysis of dinitrogen using the lSN method 

4.5.2.1. Procedure to collect gas samples in the field 

Samples of ISN labelled gas for dinitrogen analysis were collected from 15N treated urine plots (see 

Section 4.2.2.1.). For this purpose the head space heights of the covers were reduced from 10 cm 

to 2 cm by including an aluminum foil covered polystyrene insert into the chamber. With a cover 

period of 5 hours the detection limit was about 150 to 200 g N2-N ha- I day-I. Longer cover periods 

were not practical and would have introduced large temperature induced artifacts. The head space 

was sampled with a 10 mO glass syringe and a long syringe needle which reached into the head 

space. Gas samples were analyzed within the next 24 hours. 

4.5.2.2. Masspec system for dinitrogen measurements 

Gas samples for 15N-N2 analysis were analyzed in a Roboprep-CN automated Dumas system 

connected to an automated triple collector nitrogen analyzer-stable isotope mass spectrometer 

"RoboprepfTracermass" (Europa Scientific, United Kingdom). Gas samples were introduced into the 

Roboprep unit after the sample oxidation chamber but before the copper reduction furnace via a 10-

port switching valve (Figure 4-9). All nitrogen containing gases (eg. N20, NO, NOx) were reduced 

to dinitrogen (N2) in the heated copper reduction furnace before passing into the Tracermass unit. 

A check with several N20 standards confirmed that virtually 100% of the N20 was reduced to N2 

by the reduction furnace. The amount of nitrous oxide in the ISN gas sample was determined by 

independent analysis on the gas chromatograph system (Section 4.5.1.). The only other N-gas which 

may have been emitted by the soil in significant ~mounts and which was not accounted for directly 

is nitric oxide (NO). Researchers have found that this gas is mainly emitted under conditions when 

the soil moisture is low and during nitrification (Davidson, 1992; Drury et aI, 1992; Skiba et aI, 

1993). ISN-Iabelled gas fluxes were below the detection limit at times when those conditions 

occurred in experiment one. 

Prior to loading the sample, the 0.5 mO sample loop (Figure 4-9) was flushed with air CSN-N2 at 

natural abundance) 5 times and then 3 times with 2 mO of sample gas. The sample gas was 



contained in a 10 mQ glass 

syringe fitted to the lO-port 

sample valve via a 3-way tap. 

Sample 1 was loaded into the 

sample loop In position 'A' 

while sample 2 was analyzed 

and vice versa with the handle 

in position 'B' (Figure 4-9). The 

sequence of sample analysis 

was: 5 samples of ambient air 

(natural abundance) and 

thereafter alternating 15N_ 

enriched gas samples with 

unenriched atr samples. The 

unenriched air samples were 

used as reference samples. The 

analysis time per sample or 

standard was 5 minutes. 
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,..-----I~ to reduclion column and deteclor 

helium carrier gas in 

0.5 mL sample loop 

(")-1---1" sample 2 oul 

sample 1 oul 

sample 1 in 
sample 2 in 

Position A 

,.-------1~ to reduclion column and detector 

helium carrier gas in 
0.5 mL sample loop 

0.5 mL sample loop 

(")+--.,. sample 2 out 

sample 1 out 

sample 1 in 
sample 2 in 

Position B 

Figure 4-9: 10-Port switching valve for introducing air samples 
into the Roboprep unit and Mass spectrometer. 

4.5.2.3. Calculation of 15N labelled gas flux from soil 

The non-drift corrected results from the triple collector mass spectrometer: 28N2, 29N2 and 30N2 were 

used for the calculations of 15N labelled gas flux. 

The assumptions underlying the calculations were: 

• all 15N gas is evolved from the labelled pool and 

• N20 from nitrification is coming from the same 15N labelled pool as that from denitrification. 

Equations by Mulvaney and Boast (1986) for triple collector mass spectrometers were used to 

calculate the 15N labelled gases evolved. Note that the N2 flux calculated (FN2) also includes any 

other 15N labelled gases present in the samples i.e. N20, NO, NOx : 
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with, 
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d= 

15X -N-

MolNznu = 

Nz ev Co Cba 
t Ac 

d Nz !!lm 

(1 - d) 

A_" (1 'Y )z 
Ul - 15N 

-B + (Bz - 4 A C)"Z 
2A 

A = 1 - 2 'Y15N + 2(1 - 'Y15N)(&"" / &''') 

A_" (" " ) (" ") 
Ul . = r sample - r sId - r bkg - r sId 

A_'" ('" '" ) ('" "') Ul = r sample - r sId - r bkg - r sId 

............................... [4-15] 

where FNZ = 15N labelled gas flux (Nz, N20, NO, NOJ [g N2-N ha- ' day-I] 
N2 ev = 15N labelled gas evolved [g] 
Vc = Chamber volume [m3

] 

Ac = Chamber area [m2] 
Gc = Gas constant [J K' mof l

] {S.314} 
TK = absolute temperature at O°C [K] {273.15} 
T co = average air temperature at 5 cm hdght throughout the cover period [0C] 
Cba = conversion factor m2 to ha {1 OOOO} 
Co = minutes per day [min] {1440} 
t = cover period [min] 
MN = molecular weight of N (natural abundance) [g mol-I] {14.0067} 
MoIN2na = moles of N (natural abundance) in chamber head space [mol] 
'YN = fraction of total N in atmosphere [-I {0.7S} 
'Y15N = mole fraction of 15N in atmospheric nitrogen [-] 
15XN = mole fraction of 15N in the N pool from which 15N labelled gas was derived [-I 
d = fraction proportional to the amount of 15N-Iabelled gas in the sample [-] 
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4.5.3. Acetylene method to distinguish nitrous oxide from nitrification, denitrification and 
dinitrogen from denitrification 

4.5.3.1. Introduction to methodology 

Acetylene at a concentration of 5 to 10 kPa has been widely used in both laboratory and field 

methods to determine the total denitrification loss (N20 and N2) from soil by blocking the final 

reduction step from N20 to N2 (Aulakh and Doran, 1991, Berg et aI., 1982; Davidson et aI., 1986; 

Klemedtsson et aI., 1988a; Ryden and Dawson, 1982). 

The major advantages of the acetylene blockage method over the 15N method are its greater 

sensitivity and lower cost. The 15N method described in section 4.5.2. has detection limits of about 

150 to 200 g N2-N ha- I day-I compared to about 0.2 g N20-N ha-I day-Ion the gas chromatograph 

(Section 4.5.1.). Both the cost of the 15N-urine label and the actual analysis are far more expensive 

for the 15N method than for methods employing acetylene (Duxbury, 1986). However, the use of 

acetylene is not without its own difficulties. 

Researchers have found that nitrification is blocked at very low partial pressures of 2 to 10 Pa 

acetylene without any marked effects on nitrous oxide reductase (Berg et aI., 1982; Klemedtsson 

et aI., 1988a; Davidson et aI., 1986). In order to avoid artifacts due to partial inhibition of nitrous 

oxide reductase at partial pressures> 5 Pa, it is recommended that 2.5 to 5 Pa acetylene only is used 

for short-term incubation studies (up to 10 hours) (Klemedtsson et aI., 1988a). A preliminary test 

using cores of pasture soil confirmed the Klemedtsson et ai. (1988a) results who found that 5 Pa 

C2H2 is the best concentration to inhibit nitrification for short term incubation studies. 

By incubating soil at three acetylene levels: 0 Pa, 5 Pa and 10 kPa the relative proportions of nitrous 

oxide emitted via nitrification and denitrification can be calculated as well as the amount of 

dinitrogen by denitrification. With the 0 Pa C2H2 treatment, nitrous oxide from nitrification (N20 nit) 

plus denitrification (N20 den; N20 nit + N20 den = N20cont) is obtained. With 5 Pa C2H2 only the 

nitrification pathway is blocked and therefore this treatment gives a measure of nitrous oxide via 

denitrification (N20 den). The 10 kPa C2H2 treatment yields nitrous oxide and dinitrogen from 

denitrification (N20 den and N2den). 
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The very low concentrations of acetylene required for inhibition of nitrification can only readily be 

achieved in a very well defined gas volume. Furthermore the incubation should resemble field 

conditions as much as possible and be related to actual measurements of nitrous oxide with the soil 

cover method in the field (Ryden et al., 1987). 

In this study these limitations were overcome by incubating the soil cores in preserving jars (Agee) 

inserted into the soil next to the gas sampling plots. Nitrous oxide fluxes were measured 

concomitantly with the soil cover method (0 Pa C2H2) (Section 4.5.1.) (Ryden et aI., 1987). 

4.5.3.2. Procedure 

All measurements during the second field experiment were made from areas treated with synthetic 

non-labelled urine (Section 4.2.2.1.). Soil cores taken one day prior to the day of measurement were 
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incubated in the field in the presence 

of either 0 Pa, 5 Pa or 10 kPa 

acetylene. Soil cores were taken from 

the top 5 cm with a soil sampling 

device (soil core diameter = 2.5 cm). 

Air composition in the jar were not 

adjusted because measurements by 

Ruz-Jerez et ai. (1994) confirmed that 

the oxygen content in the top 7.5 cm 

in intensive pasture is in the range of 

20.01 to 21.18 %. A typical in-field 

incubation result is shown in Figure 4-

10. Exact concentrations of acetylene 

Acetylene concentration in the jars (ca. 1000 ml) were 

Figure 4-10: Typical result of field incubation of young achieved by exchanging air within the 
pasture soil under three moisture levels in the presence of 
varying C

2
H

2 
concentrations one day after the start of jars with commercial grade acetylene 

experiment two [8 April 1994]. (NZIG). The acetylene was previously 

purified by passing it through three 

gas wash bottles filled with distilled water to remove any acetone contamination. Gross and Bremner 
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(1992) found that 99.7 % of the acetone could be removed from the acetylene by passing it through 

two water traps. For the nitrification blockage, first a standard (834 Pa acetylene) was created and 

used to establish the 5 Pa atmosphere in the jar by exchanging appropriate amounts of standard gas 

with the jar atmosphere. In order to resemble field conditions as closely as possible, the jars were 

placed 

into the soil and covered with a thin 

wooden plate (5 mm thick) (Figure 4-

11). From the maximum and 

intermediate moisture treatments, 5 

m~, and from the minimum moisture 

treatment 60 m~ samples (Section 

4.5.1.1.) were taken from the jars after 

a five hour incubation period via a 

syringe needle placed through the 

rubber septum (Figure 4-11). 

Figure 4-11: Positioning of jar during field incubation. To obtain an appropriate 

concentration, the 5 m~ samples were 

diluted to 150 m~ in gas tight glass 

containers immediately after gas 

sample collection. 

Comparisons of soil temperature at 2.5 

cm depth from soil cores inside and 

soil outside the jar indicated that the 

time when the smallest temperature 

differences occurred was between 

1000 and 1500 hours (Figure 4-12). 

From those results a 5 hour incubation 

period from 1130 to 1630 hours was 

chosen. Soil cores for the incubation 

were taken 20 hours prior to the 
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Figure 4-12: Soil temperature inside and outside the jar. 
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measurement for all the plots (18 plots x 3 jars each filled with 9 cores = 486 cores). These were 

left in the jars as shown in Figure 4-11 but with the lids removed. 

From the incubations the relative proportions of nitrous oxide from nitrification and denitrification, 

and dinitrogen were obtained (i.e. N20nilN20cont; N20de/N20cont and N2 de/N20cont). To convert these 

relative proportions to absolute amounts of nitrous oxide, these values were multiplied by the daily 

nitrous oxide flux. Nitrous oxide fluxes were measured at 0800, 1200, 1400, 1600 and 2000 hours 

(Section 4.5.1.). Soil temperature data at these times were fitted against the actual nitrous oxide 

fluxes to obtain the Arrhenius parameters for those values (see also Section 8.2.). The nitrous oxide 

flux for the remainder of that day (i.e. for 2000 to 0800 hours) were estimated from the soil 

temperature, the Arrhenius parameters and the temperature induced solubility change for nitrous 

oxide in the soil water (Section 4.5.3.3.). 

Measured and estimated nitrous oxide fluxes were used to compute the daily emissions of nitrous 

oxide. The soil cover measurements provided additional information about the diurnal changes in 

nitrous oxide flux. 

4.5.3.3. Calculations 

The fluxes of nitrous oxide emitted via nitrification and denitrification as well as the dinitrogen flux 

released via denitrification were calculated using the following equations: 

Fnit = FField N20 ni N20cont ............................................ [4-16.1] 

Fden = FField N20 de/ N20cont ........................................... [4-16.2] 

with 

where 

[4-16.3] 

N20 cont = nitrous oxide accumulated in jars in presence of 0 Pa acetylene [ppmy] 
N20 5Pa = nitrous oxide accumulated in jars in presence of 5 Pa acetylene [ppmJ 
N20lOkPa = nitrous oxide accumulated in jars in presence of 10 kPa acetylene [ppmJ 
N20 den = nitrous oxide produced during denitrification in jars [ppmJ 
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N 20 nit = nitrous oxide produced during nitrification in jars [ppmJ 
N2 den = dinitrogen produced during denitrification in jars [ppmv] 
FField = integrated total nitrous oxide flux per day [g N20-N ha-I day-I] 
Fnil = nitrous oxide flux resulting from nitrification [g N 20-N ha- I day-I] 
Fden = nitrous oxide flux resulting from denitrification [g N20-N ha-I day-I] 
FN2 = dinitrogen flux resulting from denitrification [g N2-N ha-I day-I] 

79 

FField was calculated by expressing the measured nitrous oxide fluxes at 0800, 1200, 1400, 1600 and 

2000 hours in g N20-N ha- I hour- I and linearly interpolating between measurements using an 

equation similar to equation [4-1]. Hourly fluxes between 2000 and 0800 hours were calculated by: 

Fest = FArr + Fsolch ................................................... [4-17] 

with, 

F Arr = N20 flux estimated with the Arrhenius equation (equation 8-1) (see Section 8.2.1.) 

and 

Fsolch = 
[ilppm (at_1 - a t)/a/1000000] P MN2 

Gc (Toe + TK) 
............................ [4-17.1] 

with, 

ilppm = F Ar/MN2 Gc (Toe + T K) 

P cuir 

a = A + BToe
x + CToe

Y + DToez 

where Fest = estimated N20 flux between 2000 and 0800 hours [g N20-N ha- I hour-I] 
Fsolch = nitrous oxide flux due to solubility change [g N20-N ha-I hour- I 

FArr = nitrous oxide flux estimated from Arrhenius relationship [g N20-N ha-I hour-I] 
ilppm = nitrous oxide concentration change (soil - air) [ppm N20-N ha- I hour-I] 
P = atmospheric pressure [Pal {101325} 
Gc = Gas constant [J KI mOrl] {8.314} 
TK = absolute temperature at O°C [K] {273.15} 
Teo = air temperature at 5 cm height [0C] 
MN2 = molecular weight of N20-N [g mOrl] {28.0134} 
cair = Volume of soil air for the top 5 cm [m3

] 

a t_1 = bunsen coefficient for time t - 1 {t in hours} 
at = bunsen coefficient for time t {t in hours} [-] 
A = 1.31296 
B = -0.066097 
C = 0.00123573 
D = -3.72083xl0-5 

X = 0.88828 
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Y = 1.87853 
Z = 2.55408 

Materials and methods 

4.6. Characterisation of factors influencing nitrous oxide emission from soil 

4.6.1. Soil water content 

Soil water content was determined gravimetrically for the top 15 cm in 5 cm increments at the time 

of nitrous oxide measurements. Three replicate samples from each layer were collected with a soil 

corer (diameter = 2.5 cm), stored in moisture tins with a lid to avoid moisture loss and dried 

immediately in an oven for 24 hours at 105°C. 

Volumetric water content was calculated according to the equation: 

Sv = [(W wet - Wtin)/(Wdry - Wtin)] Pb ....................................... [4-18] 

where Sy = volumetric water content [cm3 cm-3
] 

W wet = weight of wet soil + tin [g] 
W dry = weight of oven dry soil + tin [g] 
Wtin = weight of tin [g] 
Pb = dry bulk density [g cm-3

] 

4.6.2. Inorganic nitrogen 

Inorganic nitrogen was determined for the top 15 cm in 5 cm layer increments through the first field 

experiment and from the top 5 cm during the second field experiment. Soil inorganic nitrogen was 

immediately extracted after sampling with a soil corer (diam~ter = 2.5 cm). The procedure involved 

adding 50 m~ of 2M KCI (including 5 mg PMA f' solution (PMA = phenyl mercuric acetate) to 

prevent further microbiological transformation) to approximately 10 g of field moist soil and 

extracted for 1 hour in a 100 m~ plastic bottle on a reciprocal shaker. The solution was filtered 

through Whatman No. 42 filter paper into a 100 mQ plastic bottle and stored refrigerated (4°C) until 

analysis. A soil subs ample was oven-dried at 105°C for 24 hours to determine the water content of 

the field moist samples. 

Ammonium-N, Nitrate-N and Urea-N were analyzed using a Tecator Flow Injection Analyzer with 
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Tecator Super Flow EX software. The ammonium method utilised a gas diffusion membrane with 

the ammonia gas diffusing through into an indicator stream (Tecator Application Note ASN-50). 

Nitrate was analyzed by standard Cd reduction followed by sulphanilamidelNED colorimetric 

reaction (Tecator Application Note ASN62-03/84). The nitrate value included both nitrate and nitrite. 

In the study by Barlow (1974), nitrite accumulation in urine patches occurred mainly during times 

of low soil moisture contents. However, no nitrite could be detected in any of the samples collected 

from the urine treated soil during the summer which represented the driest period throughout 

experiment one. This observation is in agreement with that of Doak (1952) who found that nitrite 

from urine treated soils was never present in more than trace amounts. Urea-N was analyzed 

according to the method by Sullivan and Havlin (1991). 

The amount of inorganic nitrogen in the analyzed layer was calculated using the equation: 

NField = ~~CI + ~~ MFeS)]] Nextr Pb CF ................................... [4-19] 
FMS - FMS w 

where NField = inorganic nitrogen in the field [kg N ha-I] 
Nextr = result of inorganic nitrogen after analysis [flg N mO- I] 
KCI = 2M KCI used for extraction [mO] 
Sw = Water content of field moist samples [g water g-I FMS] 
MFMS = amount of field moist sample [g] 
Pb = dry bulk density [g cm-3

] 

CF = conversion factor from flg N cm-3 into kg N ha-I [CF = 0.5 for 5 cm layer] 

The water content was determined by: 

Sw = (Wws - Wds)IWws ................................................ [4-20] 

where Sw = gravimetric water content [g water g-I FMS] 
W ws = weight of field moist soil [g] 
W ds = weight of oven dried soil [g] 

4.6.3. Water soluble carbon 

Burford and Bremner (1975) provided evidence that the denitrification capacity of soil is highly 

significantly correlated to water soluble carbon in soil. The method employed was a modified 
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version of that described by Burford and Bremner (1975). Approximately 10 g field moist soil to 

which 20 g of distilled water was added was shaken for 30 min in a 50 m~ polyethylene centrifuge 

tube. The soil water mixture was centrifuged at 12000 rpm for 10 min and the supernatant first 

filtered through Whatman No. 42 filter paper and then passed through a 0.2 flm membrane. A 5 m~ 

aliquot of the filtered extract, 2 m~ of 0.0667M dichromate and 15 m~ of H2S04:H3P04 (2: 1) were 

added to a round bottomed quick-fit boiling flask and refluxed for 30 min. The excess dichromate 

in the solution after boiling was determined by back titration with 0.333M ferrous ammonium 

sulphate (FAS) in O.4M H2S04 using a diphenylamine indicator. The amount of water soluble carbon 

in the soil was calculated by: 

with 

where 

4.6.4. pH 

...................................... [4-21] 

Cfield = water soluble carbon [kg ha-I] 
Ve = extract volume [m~] {20} 
VIiI = volume of dichromate titrated with FAS [m~] 
Vbl = volume of blank digest [m~] 
Val = aliquot volume [m~] {5} 
W soil = weight of dry soil [g] 
Cal = amount C in aliquot volume [flg] 
Csoil = water soluble carbon in soil [flg C g-I soil] 
MDich = amount of carbon equivalent to 2 m~ 0.0067 m dichromate {2403.4 flgC} 
8w = Water content of field moist samples [g Water g-I FMS] 
MFMS = amount of field moist sample [g] 
Pb = dry bulk density [g cm-3

] 

CF = conversion factor from flg N cm-3 into kg N ha-I [CF = 0.5 for 5 cm layer] 
8w = water content as determined with equation [4-20] 

Field moist soil samples for pH measurement were diluted 1 :2.5 with distilled water, shaken by hand 

for approximately 30 s and analyzed with a pH meter (Orion research model 231) equipped with 

a Broadley James pH electrode. Prior to the analysis, the pH meter was calibrated using buffer 
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solutions of pH 7.0 and either 4.0 or 9.2 (BDH buffer tablets). 

4.6.5. Conductivity 

For conductivity determination, field moist soil samples were diluted 1:5 with distilled water and 

shaken on an reciprocal shaker for 30 min. The solutions were analyzed using a dissolved solid 

tester (Hanna Instruments range 10 - 1990 IlS). 

4.6.6. Soil and air temperature 

In addition to the temperature measurements outlined in Section 4.4., temperature measurements 

were made at 2, 4, 8 and 16 cm depth in the ploughed areas. In order to obtain temperature values 

for the calculation of nitrous oxide evolution under the soil cover, the temperature at 5 cm height 

above the soil surface was also measured. Temperature sensors were installed in triplicate and half 

hourly averages were logged with a datalogger (21 X; Campbell Scientific, Inc.) 

4.6.7. Dry matter production and plaitt N uptake 

Pasture clippings were dissected into grass, clover and weed components and dried for 48 hours at 

65°C. In order to compare daily riitrous oxide emissions with the daily N uptakes, daily pasture 

growth rates had to be calculated. Dry matter accumulated slowly, especially over the winter period, 

under a wide range of temperature and soil moisture conditions. Thus, a simple linear interpolation 

of data between days of measurements was inappropriate. It was decided to distribute the 

accumulated dry matter production according to a combined daily temperature-moisture coefficient 

KTW = KT Kw ........................ , ............................ [4-22] 

with, 

{ o 
[2 (T + Bi (ToP! + Bi - (T - B)4)]/[(ToP! - B)4] 

(Morrison, 1994) 

T < Tmin 

T > Tmin 
....... [4-22.1] 
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and 

where 
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100 
100 [(SPWp - Seril)(S - Serit)]/[SpWp - Seril] 

KTW = combined temperature-moisture coefficient [-] 
KT = Temperature coefficient [-] {o - 100} 
Kw = Moisture coefficient [-] {O - 100} 

S < Scrit [4-22.2] 
Seril < S <. Sp~~ ..... 

T = air temperature at 5 cm above the soil surface rOC] 
B = dimensionless coefficient describing the shape of the curve (typical 5 - 15) [-] 
T Opl = optimum temperature for crop growth [0C] 
T min = minimum temperature for crop growth rOC] 
S = suction at 10 cm depth [cm] 
Seril = critical suction where plants start getting stressed [cm] 
Spwp = permanent wilting point [cm] 

The parameters used for calculation of KT and Kw values are summarized in Table 4-10. 

Table 4-10: Parameters used for calculating the temperature-moisture coefficient (KTW). 

Parameters for KT Parameters for Kw 
Plant 

B Topt [0C] Tmin [0C] Serit [cm] Spwp [cm] material 

Grass 10 19 4 2000 16000 

Clover 10 23 5 2000 16000 

Weed 10 23 5 2000 16000 

The accumulated dry matter production (DMsum) for grass, clover and weeds were distributed over 

the entire growth period by using the relationship: 

[4-23] 

where DMi = calculated dry matter production for day i [kg ha- I day-I] 
DMsum = accumulated dry matter production over the days when DMi was calculated [kg ha- I] 
KTWi = temperature-moisture coefficient for day i [-] 

Nitrogen in plant material was analyzed after combustion at 1000°C in an oxygen atmosphere in a 

Roboprep - CN automated Dumas system connected to an automated nitrogen analyzer stable 

isotope mass spectrometer (Europa Scientific, United Kingdom). The amount of the nitrogen taken 

up by the plants per day was calculated by: 
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N
UP1 

= DM j N% ..................................................... [4-24] 

where N
UP1 

= daily N uptake [kg N ha- I day-I] 
DM j = dry matter production [kg ha- I day-I] 
N% = total nitrogen present in plant material [%] 

4.6.8. Calculation of immobilised nitrogen 

At the end of experiment one, soil from the four gas sampling spring urine plots which had received 

15N-Iabelled urine was collected, air dried and analyzed for percentage nitrogen and 15N-enrichment. 

The total amount of soil from the immediate application area and a 5 cm strip adjacent to the 

application were sampled from the top 15 cm in 5 cm sections and from 15 to 30 cm. Furthermore, 

3 soil cores were sampled from beneath each urine spot from 30 - 45 cm. In addition, soil core 

samples were collected from urine-unaffected pasture soil at the same increments. 

The soil was air dried, finely ground and analyzed for % element and % 15N enrichment after 

combustion at 1000°C in an oxygen atmosphere in a Roboprep - eN automated Dumas system 

connected to an automated nitrogen analyzer stable isotope mass spectrometer (Europa Scientific, 

United Kingdom). 

The amount of labelled urine immobilised in the soil was calculated using the equation: 

where 

x (Y - A) 
(B - A) 

15N = immobilised N from labelled urine [kg N ha- I
.] 

X = total nitrogen held in soil [kg N ha- I
] 

A = atm % 15N from untreated soil samples 
B = atm % 15N applied urine {50 atm %} 
Y = atm % 15N from areas treated with 15N labelled urine 

[4-25] 

The atm % element calculated by the mass spectrometer system which was subsequently used to 

calculate the total nitrogen held in soil (X) takes into account the different molecular weights of 

nitrogen at natural abundance and 15N enriched material (i.e is expressed as % nitrogen at natural 

abundance ). 
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CHAPTER FIVE 
5. Nitrous oxide and dinitrogen emissions from field experiments 

5.1. Introduction 

This chapter describes and discusses the nitrous oxide emission results obtained from a preliminary 

experiment, experiments one and two as well as the results for dinitrogen emission obtained during 

experiment one. In addition, basic climatological data for the time periods when experiments one 

and two were carried out are analyzed and put into the context of climate data over the last 112 

years. 

5.2. Nitrous oxide emissions from the preliminary experiment 

Results from the preliminary field experiment from old intensive grassland (Section 4.2.1.1.) are 

presented in Figure 5-1. 
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UrIne patches 
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when comparing 
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Figure 5-1: Nitrous oxide production, rainfall and soil temperature (at 2 cm 
depth) during the preliminary field experiment from old pasture (AgResearch 
Farm, Templeton) [15 May - 30 June 1992]. 

daily emissions from either sheep or cattle urination spots with the nitrous oxide emissions from 
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untreated grassland. Emissions from urine patches increased markedly one day after rainfall events 

(Figure 5-1). Highest nitrous oxide fluxes were observed after days 24 and 25 when in total 33.8 

mm of rain were recorded prior to the nitrous oxide measurements. On day 25 the nitrous oxide 

emission corresponded to 1012 (range 685 to 1518) and 847 (range 492 to 1178) g N20-N ha-I day-I 

from cattle and sheep urine patches respectively. The total amount of rain during the 46 day 

measuring period was 74.8 mm. 

The total nitrous oxide production over the 46 day period as well as the % loss (geometrically and 

arithmetically with standard errors) fromthe applied urine are summarized in Table 5-1. The amount 

of N20-N lost accounted for approximately 1 % of the applied urine N. 

Table 5·1: Total nitrous oxide production, average nitrous oxide emission and % N lost as nitrous 
oxide from nitrogen applied (standard errors in brackets) during the preliminary experiment and 
average nitrous oxide emission on a per year basis from old grassland [15 May - 30 June 1992]. 

*) 

#) 

Nitrous oxide emission N20-N lost from applied 

Average 
nitrogen 

(% of N applied) 
(g N20-N ha-I day-I) 

Total 
for 46 days (g N20-N ha-I) per year geometric arithmetic 

Control 91 2.0*) 2.0*) -

Sheep Urine 2895 62.9 7.5#) 0.987 0.930 (±0.178) 

Cattle Urine 3341 72.6 9.1#) 0.893 0.996 (±0.094) 

it is assumed that the average emission over the 46 day period is representative for the rest of the year. 
daily emissions sustained over 46 days, averaged over a whole year (Section 4.5.1.3., equation [4-14]). 

Williams and Haynes (1994) investigated the nitrogen balance of the same urine patches and related 

the 40 % urine-N which was not accounted for to gaseous N emissions. However this amount of 

gaseous emissions can not be accounted for by the comparatively low nitrous oxide emissions 

observed. Even if it is assumed that the dinitrogen emissions were 5 times higher than nitrous oxide 

from urine-affected grassland (research found 3 to 6 times higher emissions; see Colbourn, 1992; 

de Klein, 1994; Ruz-Jerez et aI., 1994) the 40 % N unaccounted for can not be explained by the loss 

of these two gases alone. Presumably NH3 volatilization (not measured during this experiment) was 
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the principal loss pathway on this occasion. 

N transformation rates within the sheep and cow urine patches, which received 293 and 374 kg N 

ha-1 respectively (Section 4.2.1.1.), occurred at similar rates (Williams and Haynes, 1994). This 

finding together with the similar emission rates of nitrous oxide from both cattle and sheep urine 

patches in this study supports two points. Firstly, the rate of nitrous oxide emission appears to be 

related to the rate of the N transformations in soil as proposed by other researchers (Mosier et ai., 

1991; Parton et aI., 1988), and secondly the magnitude of N20 emissions is not related to the initial 

amount of the nitrogen applied. These aspects and the correlation to other soil and environmental 

factors will be discussed in greater detail in chapter 6. 

The diurnal characteristics of nitrous oxide emissions were investigated by taking gas samples over 

a 24 hour sampling period on 24 June 1992 (39 days after the start of the experiment) from the 

sheep urine treatment (Figure 5-2). 

An equation in the form: 

y = A + B sin[(2 nff)]T + 

C was fitted to the data 

where y is nitrous oxide 

flux, T is time in hours 

and A, Band Care 

parameters with values of 

6.768, -2.548 and 0.841 

respectively. The measured 

effilSSlOn data show that 

the nitrous oxide flux 

follows a sinusoidal 

relationship over a day 

(Figure 5-2). Application 

of a paired t-test 

confirmed that measured 

and fitted data were 
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Figure 5-2: Nitrous oxide emissions (measured and fitted) and soil 
temperature (2 cm depth) from sheep urine treatments over a 24 hour 
sampling period, 39 days after start of experiment (24 June 1992). 
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statistically the same (t = 3.06xlO-" ; p = 1.0). This characteristic appears to be mainly related to 

soil temperature (Figure 5-2). The diurnal characteristic of nitrous oxide flux and its relationship to 

temperature is explored in greater detail in sections 6.4. and 8.2. On the basis of the measured 

diurnal pattern it was decided that single daily sampling performed in the subsequent experiment 

(experiment one) would be made around 1400 hours. At that time of the day, the rate of change in 

nitrous oxide emissions was minimal and the amounts of nitrous oxide released were high. It should 

be noted that integrated daily flux measurements made at 1400 hours are likely to provide an upper 

limit for nitrous oxide losses from soil (Figure 5-2). This aspect of the sampling strategy employed 

in experiment one is addressed again in more detail later (Section 8.2.3.). 

5.3. Nitrous oxide and dinitrogen emissions from experiment one 

5.3.1. Nitrous oxide emissions from untreated intensive grassland 

Nitrous oxide emissions from untreated (control), ploughed and urine-treated intensive grassland 

together with rainfall data throughout experiment one are presented in Figure 5-3. 

The average daily nitrous oxide emission during experiment one from untreated young intensive 

pasture was 0.72 g N20-N ha-1 day-l (266 g N20-N ha-1 year-1 divided by 370 observation days) with 

daily average maximum and minimum emissions of 1.9 and 0.0 g N20-N ha-I day-I. A slight 

increase in nitrous oxide emissions was observed after rainfall, however, even then the emissions 

remained below 2.0 g N20-N ha- ' day-I. 

Nitrous oxide emissions were measured from urine-unaffected intensive grassland during the 

preliminary experiment (Section 5.2.) as well. Since the measurements were conducted on the same 

soil type (Appendix C) the only difference between the two soils is the age of the intensive pasture 

(Section 4.2.1.). The total nitrous oxide emission, the average daily flux as well as the rainfall and 

the mean air temperature between 15 May and 30 June 1992 from untreated old pasture (preliminary 

experiment) and 15 May to 30 June 1993 from untreated young pasture (experiment one) are 

summarised in Table 5-2. 
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Table 5-2: Total nitrous oxide emission, average daily nitrous oxide flux, rainfall and mean air 
temperatures from the preliminary experiment (old pasture) and experiment one (young pasture) for 
a 46 day measuring period [15 May - 30 June 1992 and 1993]. 

Pasture age Total N2O-N average N20-N flux rainfall Mean air 
(g N20-N ha-I) (g N

2
0-N ha-I day-I) (mm) temperature (0C) 

Old 91.1 2.0 75 6.6 

Young 36.5 0.8*) 120 8.7 

*) note that this flux represents the average flux between 15 May and 30 June and not the average flux throughout the 
whole year (this was 0.72 g N20-N ha-' da/'). 

These results show that the emission from the old intensive pasture is more than twice the emission 

from the young intensive pasture for the same period of the year. If it is assumed that the moisture 

status in soil is the most important factor determining the rate of nitrous oxide production, and had 

the rainfall during the preliminary experiment (75 mm) been comparable to the same period during 

experiment one (120 mm), then the emission from the old pasture may have exceeded that from the 

young pasture by an even greater factor. 

Possible reasons for the differences in N20 emission between the old and young pasture are not 

considered here. A number of factors may be involved, notably differences in soil ammonium 

concentration and this will be discussed further in section 6.5.1. 

The average daily nitrous oxide flux from intensive grassland unaffected by urine calculated on an 

annual basis (Section 5.3.1.) ranged from 0.72 (young pasture) to 2 (old pasture) g N20-N ha- I day-I 

(Table 5-3), which is similar to findings of earlier studies from urine-unaffected intensive grassland 

(Cates and Keeney, 1987; Seiler and Conrad, 1981; Egginton and Smith, 1986; Table A-1(e)). Also, 

the total annual nitrous oxide losses based on the measurements were in the range of 266 to 730 g 

N20-N ha- I. These values are very close to the estimated annual loss of 500 g N20-N ha- I by 

Bouwman (1993) who used this number to calculate the N20 loss from urine-unaffected grassland 

for budget purposes. 
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Other researchers have found considerably higher values of up to 25 g N20-N ha- I day-I (eg. 

Denmead et aI., 1979; see Table A-1(e)) from urine-unaffected grassland. Furthermore, measured 

fluxes in this study are considerably lower than the average values reported by other researchers 

from untreated intensive grassland in New Zealand (4 to 11 g N20-N ha-I day-I; Carran, 1991; Ruz

Jerez, 1991; Ruz-Jerez et aI., 1994; Sherlock, 1984; see Table A-3) which were used in the 

calculation in Chapter 3 for estimates of nitrous oxide emissions from urine-unaffected intensive 

grassland from New Zealand. 

However, fluxes from urine-unaffected grassland have to be seen in the light of the conditions 

present during the measurement periods. For instance, the higher emissions quoted by Denmead et 

al. (1979) are most likely due to the higher nitrate contents in soil (approximately 3 times higher) 

and the fact that they measured during the spring period with soil temperatures of 15 to 25°C which 

are not representative of the average temperatures over the whole year of measurements in this study 

(see Section 5.6.1.). 

5.3.2. Nitrous oxide emissions from urine-affected intensive grassland 

Nitrous oxide emissions are much higher from urine patches compared with control plots (p < 0.01) 

(Figures 5-3 and 5-4). Daily nitrous oxide emissions averaged over a year from urine patches were 

in the range 1.2 to 5.1 g N20-N h"a- I day-I (Table 5-3) compared to 0.8 g N20-N ha- I day-I in the 

control treatment (Table 5-2). Maximum, minimum and average daily emissions for each season as 

well as the average emissions calculated on a per year basis (Section 4.5.1.3.; equation [4-14]), the 

percentage nitrogen lost from the nitrogen applied, and the total nitrous oxide emitted, are presented 

in Table 5-3. Arithmetically calculated total N20-N values and percentage losses in Table 5-3 enable 

uncertainties (standard errors) to be presented (Section 4.2.4.). 
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Table 5-3: Maximum, minimum and mean nitrous oxide emission for the four seasons and the mean 
nitrous oxide emission on a per year basis as well as the percentage N lost from nitrogen applied 
and total N20-N emitted (geometrically and arithmetically calculated; standard errors in brackets and 
coefficient of variance) from urine treated young pasture (experiment one). 

Nitrous oxide flux (g N20-N ha- ' day-I) N20-N loss (as total N20-N*l emitted 

daily daily Average flux 
% of nitrogen (g N20-N ha- ') 

applied) 
Maximum Minimum 

Season flux flux per per CV 
season year geom. arith. geom. arith. (%) 

Summer 35 < 1 3.8 1.2 0.086 0.092 430 458 10.5 
(0.005) (24) 

Autumn 116 < 1 10.6 5.1 0.37 0.47 1853 2366 26.4 
(0.062) (312) 

Winter 135 < 1 7.1 2.7 0.20 0.23 987 1131 26.4 
(0.030) (149) 

Spring 224 < 1 14.8 3.7 0.27 0.29 1335 1467 37.9 
(0.056) (556) 

OJ emissions from control plots have been subtracted from the total nitrous oxide from urine-affected areas 

Highest daily nitrous oxide fluxes from urine-affected grassland expressed as an average over a year 

(Section 4.5.1.3.) were observed in autumn and spring with 5.1 and 3.7 g N20-N ha- ' day-I 

respectively. The total N20-N loss during these periods corresponds to 0.37 and 0.27 % of the 

applied 500 kg N ha-' . On an annual basis N20 emissions from urine-affected areas were 1.5 

(summer) to 7 (autumn) times higher than emissions from urine-unaffected grassland. The observed 

yearly release of nitrous oxide in this study is close to the calculated annual N20 release from a 

short grass steppe fertilized with 450 kg N ha- ' as urea (Parton et aI., 1988). Those researchers found 

an average emission of nitrous oxide over one ye<.tr of 3.9 g N20-N ha- ' . Mosier et al. (1981) found 

losses from the same short grass prairie fertilized with 450 kg N ha- ' as urea of 0.6 % of the applied 

N which is only slightly higher than that observed in this study (Table 5-3). Measurements by 

Monaghan and Barraclough (1993) and de Klein and Logtestijn (1994) from urine-affected grassland 

using incubations in the laboratory were much higher than reported here. Clough (1994) showed that 

measurements in climate chambers designed to simulate field conditions were still much higher 

compared to actual field measurements. This could have been the case in the studies by Monaghan 

and Barraclough (1993) and de Klein and Logtestijn (1994) as well. 
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Coefficients of variation (CV %) for nitrous oxide emissions from urine-affected grassland range 

in most studies from 5 to 100 % (Colbourn, 1992; de Klein, 1994; Ruz-Jerez et aI., 1994). The CV's 

found in this research (10 to 38 %, Table 5-3) are in the lower range of observed CV's. However, 

it has to be pointed out that some of the research was carried out on grazed pastures (Ruz-Jerez et 

aI., 1994; de Klein, 1994). In this situation it is difficult to distinguish between urine-affected and 

unaffected areas and so spatial variabilities are much higher. Measurements from areas which have 

received known nitrogen applications and unfertilized areas generally show lowest spatial 

variabilities (this study, Denmead et aI., 1979). 

Generally it is assumed that N20 emissions from urine-treated grassland last for 30 to 60 days 

(Allen and Jarvis, 1994) which is similar to an assumed fertilizer effect of 5 to 8 weeks on enhanced 

N20 emissions (Section 2.3.5.). However, the observation from the winter urine treatment that 

highest emissions were observed after more than 100 days following application supports the need 

for long term observations. Possible explanations for this finding include the combinations of 

mineral N, soil temperature and soil moisture together with the effect of previous fertilizer 

applications on the microorganism population. Detailed discussions on these aspects will be provided 

in chapter 6. 

Comparing the nitrous oxide emissions from the urine treatments with the rainfall pattern shows that 

the highest nitrous oxide emissioris were observed shortly after rainfall events when volumetric 

moisture contents reached at least 30 % (Figure 5-4). This agrees with the findings in a recent study 

of N20 production from permanent pasture by Dendooven et ai. (1994). 

However, high rainfall events later in the season (i.e. some time after the urine application) did not 

lead to emissions as high as those earlier in the season. The implication is that the combination of 

inorganic N with plant N uptake, as discussed in section 6.7. is crucial to an understanding of these 

observations. Soil water and soil temperature data are presented together with the N20 emission data 

in Figure 5-4. 
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Soil temperature appears to be an important factor as well. The low nitrous oxide emissions during 

the winter period, which was characterised by high soil moisture contents, was possibly due to the 

low soil temperatures « 15°C) (Figure 5-4). The low nitrous oxide emission rates towards the end 

of experiment one (340 days after start of experiment) are most likely related to low concentrations 

of soil inorganic nitrogen (Section 6.4.) and high plant N uptake (Section 6.7.). The implication of 

these results about soil and environmental factors and their interactions on nitrous oxide emissions 

from soil will be discussed in detail in Chapter 6. 

5.3.3. Nitrous oxide emissions from ploughed intensive grassland 

Nitrous oxide emissions from ploughed intensive grassland (Figure 5-3) were much higher compared 

to emissions from control plots (p < 0.01). During observation periods, autumn and spring ploughing 

treatments emitted 4.5 and 11.2 (geometric mean) or 5.1 (± 0.78) and 12.1 (± 0.47) (arithmetic 

mean) times more nitrous oxide than control plots. The total nitrous oxide released during the two 

periods were 688.7 and 520.9 g N20-N ha- ' for autumn and spring ploughing events respectively 

(emissions from control plots are not subtracted). Assuming a normal frequency distribution for the 

nitrous oxide emissions from ploughed plots (arithmetic mean), N20 losses of 784 (± 119) and 562 

(± 22) g N20-N ha- ' would be calculated for the autumn and spring ploughing events respectively. 

Table 5-4 summarises the maximum, minimum and mean nitrous oxide emissions throughout the 

observation periods and the daily nitrous oxide losses averaged over a year. 

Table 5-4: Maximum, mInImUm and mean nitrous oxide effilSSIons from ploughed treatments 
(autumn and spring ploughing) and their average flux expressed on a per year basis (experiment 
one). 

Nitrous oxide flux (g N20-N ha- I day-')*) 

Season Maximum flux#) Minimum flux#) 

Autumn 38.40 0.58 

Spring 20.22 0.12 

*) Emissions from untreated areas are not subtracted from the overall flux. 
#) geometrical mean of four replicates at one sampling time. 

Average flux 

per season per year 

2.49 1.47 

5.24 1.30 
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The average flux per year from the two ploughed treatments was 1.47 and 1.3 g N20-N ha- I day-I 

(Table 5-4). Expressed on an annual basis this is roughly twice the emission from the control plots 

(0.72 g N20-N ha- I day-I). However, this assumes that the emissions during the remainder of the 

year from the ploughed plots were the same as from untreated, unploughed areas. This may not have 

been the case and could lead to an underestimation of the emission from ploughed areas. As 

described later (Chapter 6.) the nitrous oxide release from ploughed areas is correlated to a 

combination of factors including soil moisture, soil temperature and inorganic nitrogen which in turn 

are related to mineralization activity in soil. This mineralization activity is very slow and may have 

an effect on nitrous oxide emission over a prolonged time period (see also Section 6.4.1.). In 

addition, common farming practices would not leave the ploughed areas fallow. It is likely that 

further cultivation and other soil disturbing effects (eg. discing and seed bed preparation) would 

have an additional enhancing effect on nitrous oxide production which were not simulated in this 

study. 

Enhanced N20 emissions due to accelerated Nand C cycling rates occur as a result of the 

conversion of forests and grassland to croplands (Mosier, 1994b). However, most of the research 

of this kind has been carried out in the tropics (Luizao et aI., 1989; Mosier, 1994b). Almost no 

measurements of nitrous oxide emissions resulting from the ploughing of intensive grassland have 

been reported in the literature. Nevertheless, the observed 2 fold increase due to the ploughing effect 

is consistent with values quoted by Duxbury et al. (1982) who estimated that conversion of 

grassland to arable land in the temperate regions of the world increased the nitrous oxide production 

in the last 100 years by 2 (mineral soils) to 4 (organic soils) fold (Section 2.3.7.). 

5.3.4. Dinitrogen emissions from urine-affected intensive grassland eSN method) 

Not all l5N-Iabelled gas fluxes measured throughout experiment one were realistic. Sometimes a low 

15N gas flux which was at or below the sensitivity limit of the mass spectrometer (Section 4.5.2.) 

resulted in values which had to be discarded. Two criteria were used to provide a guideline for the 

separation of 15N-Iabelled gas flux values into 'useful' results and those which had to be disregarded. 

The first criterion was that 15N-Iabelled gas flux values had to be positive (i.e. at least as high as 

the concomitant measurement of nitrous oxide for that day). Secondly the 15XN value (Section 

4.5.2.), which provides an indication of the 15N label of the nitrogen pool from where the 15N_ 
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labelled nitrogen originated, had to be in the expected range (approximately 0.2 to 0.5). This second 

criterion recognises that 15XN can not exceed the 15N content of the applied synthetic urine (50 

atm%) (Mulvaney, 1993 pers. comm.). Too low 15XN values would be unrealistic for gas samples 

taken from spots where only a relatively short time before a very high 15N label was applied. All 

emission values which had 15XN values higher than 0.6 (0.5 applied) and lower than 0.1 were 

therefore disregarded. 

The percentage of values which remained after this rigorous test, along with the number of days 

when samples were obtained and the number of days with 'useful' values from all replicates are 

summarised in Table 5-5. 

Table 5-5: Days of 15N gas collection, days when 'useful' values were obtained from all replicates 
and percentage of 'useful' values from all measurements (experiment one). 

No. of observation No. of days where all 'useful' values 
Season days reps had 'useful' results from total (%) 

Summer 7 - 31 

Autumn 17 - 18 

Winter 58 - 20 

Spring 13 6 46 

Only 6 days out of a total of 95 days of all attempted 15N gas flux measurements provided results 

with 'useful' values for 15XN and dinitrogen from all 4 repetitions (Table 5-5). At all other times 15N 

emissions from only one or two plots provided 'useful' results. 

The calculation of dinitrogen emissions for ,the 6 day period following the spring application were 

made by subtracting the independently measured nitrous oxide flux from the total 15N-Iabelled gas 

flux (Section 4.5.2.). An implicit assumption with this approach was that other nitrogenous gases 

apart from dinitrogen and nitrous oxide were negligible (see Section 4.5.2.). 

The total 15N gas fluxes and 15XN values for all plots during the 6 day period (25 to 30 September) 

as well as the log normal transformed mean values are presented in Figure 5-5. 
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The 6 day period started 5 days after the spring urine application. Shortly after application of 15N_ 

labelled urine (50 atm%) 15XN values close to 0.5 value were expected. With the possible exception 

of the 15XN value at day 288 from plot 2 all other 15XN values appear to be in the expected range. 

The variability among plots is high, however performing the statistical analysis on log normal 

transformed data shows that replications are not statistically different (p = 0.547). 

5.4. Nitrous oxide emissions from experiment two 

In experiment two (April 1994) nitrous oxide was measured from synthetic· urine-treated old and 

young intensive grassland. The soil water suctions in the top 5 cm throughout the experiment were 

maintained at approximately 60, 136 and > 16000 cm (maximum, intermediate and minimum 

moisture respectively) (Section 4.2.2.4.). 

Highly significant 

differences (p < 0.01) in 

nitrous oxide emissions 

were obtained when 

companng either the 

maximum or the 

intermediate moisture with 

the minimum moisture 

treatment for both soils. 

Daily emissions from the 

two different soils showed 

no statistical difference (p 

= 0.05). This result was 

rather unexpected since the 

results from the 

preliminary experiment 

and experiment one 

indicated that the emission 

behaviour for nitrous oxide 
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from the two soils were different (Sections 5.2 and 5.3.2.). This finding will be discussed in greater 

detail in sections 6.5.2. and 6.6 .. The discussion there focuses on the results for inorganic nitrogen 

and water soluble carbon in the soil during experiment two. 

Nitrous oxide fluxes from the minimum moisture treatments (0.8 to 2.6 g N20-N ha- I day-I) 

compared to the two other moisture treatments (23 to 106 g N20-N ha-I day-I) were negligible 

(Figure 5-6). This finding shows that the soil moisture content is closely related to the nitrous oxide 

emissions from soil. This relationship with soil moisture will be further discussed in section 6.2. The 

diurnal characteristic of the nitrous oxide flux examined during experiment two is examined in more 

detail in section 6.4. 

5.5. Nitrogen immobilisation and nitrogen balance 

In order to put the amounts of nitrous oxide and dinitrogen measured during experiment one into 

context with the rest of nitrogen held in the soil and taken up by plants, an approximate nitrogen 

balance was created for the areas which had received the spring urine application. Analysis for 15N 

in the-soil showed that approximately 112 kgN ha-I of the 500 kg N ha-I applied was immobilised 

from the spring application at the end of experiment one (Table 5-6). 

Total plant-N uptake as described in section 4.6.7. and presented later in section 6.9., nitrous oxide 

emissions (Section 5.3.2.), dinitrogen emissions e5N method) (Section 5.3.4.) and immobilised 

nitrogen (Table 5-6) are presented in Table 5-7. 
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Table 5-6: Nitrogen immobilised by soil immediately underneath and adjacent to the urine patches, 
spring urine application (experiment one) [arithmetic average of 4 replicates, values in brackets 
indicate standard errors]. 

soil depth immobilised urine (kg N ha- ') 

0- 5 cm 52.2 (± 7.0) 

5 - 10 cm 24.3 (± 4.8) 

10 - 15 cm 6.0 (± 0.5) 

15 - 30 cm 10.3 (± 5.3) 

30 - 45 cm 0.6 (± 0.1) 

o - 5 cm adjacent to the urine patch 10.4 (± 0.4) 

5 - 10 cm adjacent to the urine patch 6.8 (± 0.7) 

10 - 15 cm adjacent to the urine patch 1.7 (± 0.3) 

Total immobilised nitrogen in soil 112.2 (± 8.3) 

Table 5-7: Total plant uptake (average with standard error), nitrous oxide and dinitrogen flux and 
nitrogen immobilised from the spring urine application (experiment one). 

values in kg N ha- ' 

Total plant N uptake 283.4 (± 6.7) 

Nitrous oxide 1.4 

Dinitrogen 1.8 

N immobilised in soil 112.2 (± 8.3) 

Total nitrogen accounted for 398.80 

For the plant-N uptake calculation the assumption was made that all nitrogen was taken up from the 

nitrogen applied. The 15N values in the herbage were not used to calculate the plant-N uptake 

because the levels of 15N in the plant material exceeded the sensitivity limit of the mass 

spectrometer. This indirectly supports the conjecture that all the plant-N was taken up from the 

applied urine. The calculated value of 56 % for plant uptake is not too different from measurements 

by Fraser et a1. (1994) who found N uptake values of 43 % from urine N applied in the same 

amount (500 kg N ha- ') and on the same soil type (Templeton silt loam) as this study. In addition, 
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the calculated plant N uptake value is close to the values of 32 to 55 % of the applied urine N 

obtained by Ball and Keeney (1981). 

From the applied 500 kg N ha-1
, approximately 400 kg N ha-1

. was accounted for at the end of 

experiment one (Table 5-7). Not included in this figure was any ammonia loss which most likely 

occurred shortly after urine application. Measurements by Sherlock (1984) showed that ammonia 

emissions from a Templeton silt loam to which synthetic urine had been applied were in the range 

of 12 to 25 % over a year. This finding is similar to the one by Carran et al. (1982) who found 17 

to 36 % being lost from urine patches as ammonia. Assuming a loss of 20 % occurred in this 

current spring application, then effectively all of the applied nitrogen (500 kg N ha-1
) is accounted 

for. 

Other nitrogen losses from urine-affected areas would be via leaching but these are usually not 

larger than 5 - 15 % (Ball and Keeney, 1981). Studies of the leaching behaviour of nitrate in 

Canterbury were investigated by Haynes and Williams (1992) who found that leaching of 

approximately 9 % may occur below 15 cm via preferential flow of urine under cow urine patches. 

However nitrogen under sheep urine patches was found to be usually contained in the top 15 cm 

of the soil with no leached N03- present below 60 cm (Haynes and Williams, 1992). This 

observation is consistent with the extremely low recovery of the urine N in this current study found. 

in a depth of 30-45 cm under the urine patch (Table 5-6). 

The statement by Ball and Keeney (1981) that NH3 volatilization, leaching and denitrification would 

present a loss of approximately 80 % from urine patches could not be confirmed with this study. 

The indication is that N losses from grazed pastures may not be as high as they suggested. 
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5.6. Microclimatological characteristics 

5.6.1. Experiment one (1993) 

Air temperature, evapotranspiration and rainfall data during the period of experiment one are 

presented in Figure 5-7. The minimum, maximum and average values from air temperature and 

evapotranspiration as well as the total evapotranspiration and total rainfall for the seasons (Table 

4-1) and the whole year are presented in Table 5-8. 

Table 5·8: Air temperature at 5 cm height (minimum, maximum and average), evapotranspiration 
(minimum, maximum, average and total) and rainfall (total) for the four seasons and the whole year 
(Henley Farm) [15 December 1992 to 22 December 1993]. 

Air temperature (OC) Evapotranspiration (mm) Rainfall 

daily daily (mm) 

Season days mm max avg min max avg total total 

Summer 99 7.7 23.9 14.3 0.01 7.08 2.62 259 121 

Autumn 84 3.1 14.8 8.6 0.09 4.05 1.24 104 203 

Winter 97 -0.5 10.2 5.2 0.06 3.86 1.16 113 86 

Spring 91 4.4 17.3 11.3 0.31 8.15 3.23 294 238 

Whole year 371 -0.5 23.9 9.9 0.01 8.15 1.87 770 647 

Total evapotranspiration as calculated by the Penmann-Monteith equation (Section 4.3.2.) summed 

over the whole period of experiment one exceeded the rainfall by 123 mm (Table 5-8). This 

imbalance towards evapotranspiration was greatest during the summer period. Winter and spring 

seasons had roughly the same amount of rainfall and evapotranspiration and in the autumn period 

rainfall exceeded the evapotranspiration. The line in the evapotranspiration graph in Figure 5-7 

indicates the approximate relationship of evapotranspiration over the year. It is a cubic regression 

equation (y = A + Bx + Cx2 + Dx3
) with A, B, C and D values of 4.435, 3.012x1O·2

, 1.545x1O-5 and 

2.257x1O-7 respectively (r2 = 0.41). Periods of highest rainfall were during autumn and spring. As 

might be expected, highest average air temperatures were recorded in summer, then spring followed 

by autumn and then winter. 
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Air temperature and rainfall data have been collected at Lincoln since 1881. The range of the mean 

monthly air temperature and rainfall from 1881 to 1993 as well as the values for 1993 are presented 

in Figure 5-8. 

The values for the 112 years since 1881 are presented as a box plot showing the 10th, 25th, 50th, 

75th and 90th percentile as well as the average values (Figure 5-8). The average mean air 

temperature for the whole year in 1993 was 1O.9°C which was 0.5°C lower than the long-time 

value. However 1O.9°C is well within the range of average yearly air temperatures which have 

ranged from 10.1 to 12.8°C (Lincoln University climate station, 1881-1993). Apart from May, June, 

July and October which had mean air temperatures higher than the 50th percentile, in all other 

months considerably lower values than the long-time mean air temperature were recorded, with most 

of them below the 25th percentile of the long-time data (Figure 5-8). 

The range in annual rainfall from 1881 to 1993 was 308 to 986 mm. In 1993, 639 mm were 

recorded which is close to the long-time average annual rainfall (1881 - 1993) of 656 mm. However, 

July, August and October 1993 were particularly dry with values lower than the 10th percentile of 

the long-time values and September 1993 was exceptionally wet with a higher rainfall than the 90th 

percentile of the long-time rainfall data (Figure 5-8). 

Overall, it can be concluded that both in terms of the air temperature and rainfall, the year 1993 can 

be characterised as a year with average climatological conditions since the start of weather data 

collection at the Lincoln University climate station. 

5.6.2. Experiment two (April 1994) 

Due to the controlled water application and prevention of rainfall on the plots (Section 4.2.2.4.) only 

the air temperature is of interest as the main climatological characteristic for experiment two. 

Average April maximum, minimum and mean air temperatures from 1881 to 1993 were 17.3, 6.8 

and 12.0°C respectively (Appendix B), showing a remarkable similarity to the measured values for 

April 1994: 18.5,6.0 and 12.0°C. Consequently the air temperature in April 1994 was representative 

of a climatologically average April since climate measurements commenced at Lincoln. 
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5.7. Nitrous oxide emissions from intensive grassland 

The losses of nitrous oxide from urine-unaffected, urine-affected and ploughed intensive grassland 

are small relative to the amounts of N which take part in the N cycle. However, if emissions similar 

to those observed here, occurred over the huge areas of the worlds grassland, then significant input 

of N20 to the atmosphere would certainly occur. A similar conclusion was reached by Parton et aI. 

(1988) who observed N20 emissions from the short grass steppe similar to the emissions reported 

from this study from urine-affected and unaffected areas. 

Moreover the micrometeorological measurements in the previous section indicate that during the two 

experiments the conditions were close to the long-term average for this area (Lincoln/Canterbury). 

Therefore it can be reasonably assumed that the observed nitrous oxide emissions are representative 

of typical average emissions from young intensive grassland in Canterbury. Micrometeorological 

variables are mainly responsible for the conditions in soil which influence the nitrous oxide 

production processes. The relationships between nitrous oxide emissions and the different soil and 

environmental factors responsible will be discussed in greater detail in the next chapter. 

The N20 emissions measured from intensive grassland show considerable variability on a seasonal 

and day to day basis. This variation in nitrous oxide flux from soil makes it almost impossible to 

extrapolate measurements made during several weeks in a particular season to annual emissions, as 

done by most of the studies on nitrous oxide emissions (de Klein, 1994). The marked seasonal 

variations found in this study are consistent with the findings of other researchers (Brams et aI., 

1990, Bremner et aI., 1980b; Burford et aI., 1981; Christensen, 1983; de Klein, 1994; Goodroad and 

Keeney, 1984b; Cates and Keeney, 1987b; Jarvis et aI., 1991). Therefore the use of short-term 

measurements can not be recommended for estimation of yearly emissions (Simpson and Steele, 

1981). Ruz-Jerez et aI. (1994) studied total denitrification losses over a period of 2 years. However, 

those researchers used a jar technique to make only about 20 observations per year. This number 

might not be enough to cover all the possible combinations of factors which can create totally 

different emission scenarios. This comment on yearly estimates of nitrous oxide emissions is 

supported by de Klein (1994) who made it clear that monitoring would be needed over a long time 

period to estimate valid seasonal losses by integrating daily measurements. 
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Emissions from urine-affected areas in the preliminary experiment were much higher than emissions 

from urine-affected areas in experiment one (Tables 5-1 and 5-3). However, experiment two did not 

show differences in the potential for nitrous oxide production from the two soils. Furthermore, 

climatological conditions did not favour higher nitrous oxide emissions from the preliminary 

experiment (Section 5.3.1.). One possible explanation for the marked difference in nitrous oxide 

emissions obtained between the experiments could have been the use of natural urine in the 

preliminary experiment as compared to synthetic urine in the other two experiments. In the study 

by Doak (1952) it was found that the combination of hippuric acid, glycine, allantoin and creatinine 

had an increased effect on the hydrolysis of urea. In addition he found that heteroauxin and allantoin 

both stimulated nitrification. The components allantoin, creatinine and heteroauxin which are found 

in natural urine were not added to the synthetic urine and may have caused the difference in the 

observed emissions. However, this hypothesis would have to be tested in a direct field experiment 

where both natural and synthetic urine are compared at the same application rate. 

Another aspect which was not investigated in great depth in this study was the contribution of N20 

dissolved in soil water. Minami (1987) indicated that nitrous oxide emissions from subsurface drains 
- . 

have a marked contribution. To get an indication of how large N20 emissions from this source were, 

analysis for dissolved nitrous oxide was carried out during a lysimeter experiment of ploughed and 

urine-affected intensive grassland in 1992/93 (data not presented). In contrast to the findings of 

Minami (1987) the results indicated that dissolved nitrous oxide made a negligible contribution to 

the overall emission which is in agreement with similar measurements by Clough (1994) on peat 

and mineral soils under pasture. 

The potential for nitrous oxide production as reflected in the actual amount released from the young 

pasture, is similar to the amounts measured fro~ urine-unaffected and urine-treated short grass 

prairie (Mosier et aI., 1981; Mosier and Parton, 1985; Mosier et aI., 1983; Parton et aI., 1988). 

Potential N20 production is likely to be related to the combination of the factors such as mineral 

nitrogen, soil temperature and soil moisture. The influence of soil and environmental factors on 

nitrous oxide production will be investigated in greater detail in the next chapter. 
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5.8. Summary 

Nitrous oxide and dinitrogen flux measurements performed with a soil cover technique are presented 

in this chapter. The principal results are: 

• Cow and sheep urine patches which received urine-N applications differing by 27 %, sustained 
statistically similar emissions of N20. These results may be explained by similar N transformation 
rates in sheep and cow urine patches under the same environmental conditions. 

• Applications of synthetic urine (500 kg N ha- I
) on four occasions during 1993 resulted III 

percentage losses ranging from 0.08 to 0.37% of the applied nitrogen. 

• Ploughing of intensive grassland had the effect of at least doubling the annual nitrous oxide 
emission compared with that observed from undisturbed, untreated intensive grassland. 

• Nitrous oxide emissions from urine-treated pasture soils of differing ages were not significantly 
different from each other (p > 0.05). 

• Dinitrogen measurements using a 15N labelling technique in the field were only successful for 
fluxes above approximately 200 g N2-N ha- I day·1 which occurred under warm spring conditions 
when the soil moisture content was near saturation. 
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CHAPTER SIX 

6. Factors influencing nitrous oxide production from soil 

6.1. Introduction 

The main focus of this chapter is to relate the nitrous oxide emissions from experiments one and 

two (Chapter 5) to the various soil and environmental factors measured during these periods. In 

order to emphasise the relationships between nitrous oxide emissions and the various soil and 

environmental factors it was sometimes convenient to use appropriate subsets of the rather large data 

set. However where appropriate, overall trends in nitrous oxide emissions with the various factors 

are presented. In most cases the focus is on the urine-affected areas due to the more obvious 

relationships with the various factors at high nitrous oxide fluxes. A final discussion section (Section 

6.11.) examines the interaction between factors known to influence nitrous oxide emissions and puts 

these into the context of other research findings. 

6.2. Soil water potential 

Nitrous oxide emissions from all four urine applications throughout the year and the corresponding 

soil water suctions are presented in Figure 6-1. The soil water suction is presented on a log scale 

with values up to 3000 cm (cm of water) in the top 5 cm. Nitrous oxide emissions at times when 

the soil water suction was greater than 3000 cm of water were extremely small «2 g N20-N ha-I 

day-I). Highest nitrous oxide emissions were observed at suctions lower than about 150 cm. On only 

two occasions during the duration of experiment one, nitrous oxide emissions higher than 100 g 

N20-N ha- I day-I were observed. These events corresponded to approximately 5 day periods when 

the soil suction in the top 5 cm of soil reached near saturation (i.e. <10 cm of suction) (days 153-

155 and 284-286 during experiment one). The second event (days 284-286) is presented in more 

detail in Figure 6-11. Nitrous oxide emissions from urine treated areas during experiment one at 

times when the soil water suction was lower than 150 and 55 cm (cm of water) amounted to 3948 

and 3188 g N20-N ha- I respectively. These emissions correspond to 79.6 and 64.3 % of the total 

emissions sustained from the four urine applications (total 4962 g N20-N ha- I). 
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Figure 6-1: Nitrous oxide emission and soil water suction from urine 
treated areas (experiment one) [ticks on the X-axis from the nitrous oxide 
plot correspond to times of urine applications]. 
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Further support for the marked influence of soil water potential is provided by measurements made 

during experiment two where nitrous oxide emissions from the two moist treatments were 

approximately 30 to 40 times higher than those from the minimum moisture treatment (Section 5.4.). 

This clearly shows that most of the nitrous oxide released throughout the year is emitted at times 

when the soil is very wet or near saturation. This response of N20 emissions from grassland to 

changes in soil water content and especially to the onset of very wet conditions is in agreement with 

reports from several researchers (eg. Aasen et al., 1994; Ryden, 1983; Sherlock and Goh, 1983). 

Threshold values of soil moisture at which the nitrous oxide emissions sharply increase are usually 

given in water filled porosity (WFP) which is defined as the ratio of volumetric moisture content 

over total soil porosity or soil water potential. In the study reported here the threshold value was 

found to be at approximately 150 cm soil water suction which correspond to approximately 60 % 

WFP in the top 5 cm of soil. This WFP value is in the lower range of values (typically 60 to 

90 %) reported by other researchers (de Klein, 1994). The suction value of 150 cm compares well 

with reports by Ryden and Lund (1980) who found a threshold value of pF 2.4 or 250 cm soil water 

suction from irrigated land. 

Williams et al. (1992) proposed that WFP (water filled porosity) is the most promising parameter 

for predicting the effect of soil moisture on nitrous oxide emissions as compared to volumetric water 

content or soil water suction. Results in this study showed that the soil suction range where most 

of the nitrous oxide is released corresponds to a very small suction range (5 to 150 cm) but to a 

rather large range of WFP of 60 to 90 %. Therefore soil water suction (or soil matric potential) 

appears to be a much more stable and reliable parameter for the prediction of large nitrous oxide" 

emissions than is water filled porosity. It is therefore proposed to express the effect of water on 

nitrous oxide production in terms of soil water suction. In addition, soil water suction accounts for 

differences in soil texture between soils and provides a useful indicator of water availability to living 

organisms (Williams et al., 1992). 

6.3. Evapotranspiration 

Regressing the nitrogen loss data per season from urine-affected intensive grassland (Table 5-3) 

against the ratio of rainfall to evapotranspiration (ET) (Table 5-8) yields an approximate linear 
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relationship (Figure 6-2). The regression 

equation in Figure 6-2 is in the form Y = A 

+ BX, with Y = N20 loss; X = (rainfallIET). 

Parameters A and B as well as the 

regression coefficient (r2) for the 

geometrically and arithmetically calculated 

means are: 

A 

B 

r 

Geom. 

0.071 

0.162 

0.805 

Arithm. 

0.042 

0.229 

0.895 
The ratio of water input (rainfall) and the 
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the soil system is clearly related to the nitrogen loss per season (geometric = hollow 
symbols, solid line; arithmetic = filled symbols with 

amount of nitrous oxide lost from urine SE, dotted line) from urine treated grassland 

patches. This observation is supported by (experiment one). 

research of Mosier et al. (1981) who found that nitrous oxide emission from grassland is negatively 

correlated with evapotranspiration. 

Most researchers prefer to relate observed nitrous oxide emissions to soil moisture and oxygen status 

rather than expressing it indirectly in terms of evapotranspiration which is itself a consequence of 

the interaction between other factors (Section 4.4.2.). However, the positive correlation of N20 

emissions and rainfall/evapotranspiration might be useful in situations where no other soil data are 

available. Evapotranspiration and rainfall, but not soil moisture data, are usually available from 

general meteorological data sets. The possible prediction of N20 from those data might be a useful 

indicator of the potential N20 emissions throughout the year. Further research has to confirm the 

findings above and the usefulness of this approach. 

6.4. Soil temperature 

Soil temperature (2 cm depth) at times of nitrous oxide sampling during experiment one (i.e. 1400 

hours) are presented in Figure 5-4. No apparent day to day correlation between nitrous oxide fluxes 
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and soil temperature can be observed. However, the low nitrous oxide fluxes during the winter 

period (day 180 to 260 after the start of experiment one) when high moisture contents were also 

present can only be explained by the low soil temperatures « 13°C) during that period. With the 

increase in temperature to > 15°C in days 285 to 290 after the start of experiment one a concomitant 

increase in N 20 fluxes was observed (see also Section 6.10.). 

The influence of varying 

soil temperature at 

approximately constant 

soil water status IS 

observed In the 

measurements made in 

experiment two (Figure 6-

3). It appears that the 

integrated daily N20 

emissions in Figure 6-3 

(Section 4.4.3.2.) are 

related to the average daily 

soil temperature on the 

days of measurement. 

The characteristic diurnal 

pattern of nitrous oxide 

emission and its apparent 

relationship to soil 

temperature was already 

shown in Figure 5-2 as 

part of the preliminary 

investigation. Detailed 

measurements of this kind 

were made during 
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experiment two where nitrous oxide measurements were made at 5 times throughout the day on 4 
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separate days. Figure 6-

4 shows the nitrous 

oxide emission patterns 

and soil temperatures 

for all treatments and 

a I I day s o f 

measurement during 

experiment two. Data 

for the nitrous oxide 

emissions were 

obtained with the soil 

cover method (Section 

4.5.1.) and data 

presented in Figure 6-4 

are geometrically 

calculated averages 

from 3 replicates. 

A clear diurnal 

relationship between 

nitrous oxide emission 

and soil temperature at 

2 cm depth can be 

observed for the higher 

moisture containing, 

urine treated areas 

(Figure 6-4). Moreover, 

this relationship 

provides evidence that 

the main production 

zone of nitrous oxide in 

urine treated areas is in 
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the top 5 ern of the soil which is also the zone of highest mineral N accumulation (Section 6.5.2.; 

Williams and Haynes, 1994). 

The diurnal soil temperature pattern with increasing depth is usually characterised by a decrease in 

amplitude and a shift of the temperature wave to the right (Figure 6-5). Therefore any nitrous oxide 

produced deeper in the soil would presumably correlate to the soil temperature characteristic of that 

layer and would peak later in the day (ie. > 1400 hours). Some observations from the minimum 

moisture treatment show that nitrous oxide emissions peak later than the 1400 hour soil temperature 

curve for the top 5 em (Figure 6-4). In addition, the observed nitrous oxide flux may be assumed 

to have originated from deeper in the soil profile because of the extremely dry top 5 em (suction 

> permanent wilting point). 

The relationship between diurnal 

N 20 emISSIOn and soil 

temperature with depth is more 

obvious in Figure 6-5 for the 

ploughed treatment, measured on 

October 22, 1993 (312 days after 

the start of experiment one). The 

measurements presented 10 

Figure 6-5 were performed 

during a period when the top 5 

ern of the soil was extremely 

dry. Urine treated areas emitted 

during that same period only 

very small amounts of nitrous 

oxide « 2 g N20-N ha-I day-I) 
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Figure 6-5: Diurnal soil temperature at various depths and 
nitrous oxide fluxes on 22 October 1993 

but from ploughed areas a rather unexpectedly high nitrous oxide flux continued to be emitted. 

The volumetric soil water contents for the ploughed treatment on that day (October 22) were 7.38 

(± 1.89); 21.26 (± 1.05) and 24.90 (± 1.58) % for 0-5; 5-10 and 10-15 ern respectively (values in 

brackets represent the standard errors for three replicates). The 10 - 15 ern layer where the soil 
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started to become reasonably moist was also the layer in which most of the organic material was 

incorporated through the ploughing effect (Section 4.2.2.2.). Together with high temperatures, 

optimum conditions were created in this layer (10 - 15 cm and below) for mineralization and 

subsequent microbiological activity which could lead to nitrous oxide production. The diurnal 

amplitude of the nitrous oxide flux pattern is clearly shifted to the right when compared to urine

treated plots, and synchronises with the soil temperature amplitude at 16 cm depth. This strongly 

indicates that the production zone of nitrous oxide during this time period was deeper in the soil 

profile and is supported by similar findings of Conrad et al. (1983). 

For microbial activity usually a QJO of 2 is assumed (QJO defines the increase of microbiological 

activity for a temperature increase of lOOC). However the temperature change at 16 cm depth is not 

enough to explain the observed nitrous oxide flux pattern. A temperature change as observed at 2 

cm depth would have been needed to drive the observed N20 flux. However, the shift of the N20 

amplitude as well as the extremely dry top soil preclude this option. Therefore, no reasonable 

explanation can be given for the shape of the diurnal N20 flux curve which appears to be an almost 

identical copy of the temperature curve for the 2 cm depth but shifted to the right (Figure 6-5). 

In summary, the relationships found are in accordance with findings by Denmead et al. (1979) who 

attributed the observed nitrous oxide fluctuations from grassland to temperature changes in the soil 

surface. In contrast, the observation of Christensen (1983) that diurnal fluctuations in N20 evolution 

from grassland may be related to irradiation and daily temperature differences could not be 

confirmed with this study. 
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6.5. Inorganic nitrogen 

6.5.1. Control and ploughed areas (experiment one) 

During both autumn and spring, soil 

ammonium in control and ploughed areas were 

not significantly different (p > 0.05). Nitrate 

levels for control and ploughed areas as well as 

times when these levels were significantly 

different are shown in Figure 6-6. Since 

mineralization in soil initially produces 

ammonium, the non-significant differences in 

NH/-N levels provide evidence that 

nitrification to nitrate proceeds rapidly in 

ploughed areas. This finding is consistent with 

observations by Robinson (1963). Although not 

all nitrate levels between control and ploughed 

areas were statistically different, Figure 6-6 

shows that there is a trend towards increasing 

soil nitrate levels in ploughed areas with time. 

This can mainly be attributed to mineralization 

of organic matter and the lack of plant N 

uptake. Nitrate levels from different depths 

were not significantly different (Figure 6-6). 

Plant N uptake from untreated areas during the 

same periods amounted to 83 (± 4) and 155 (± 

9) kg N ha- 1 for the autumn and spring period 

respectively (see also Section 7.6.). Hatch et al. 

(1990) determined the rate of net mineralization 

of soil N under grass/clover pastures in 

England to be in the range of 0.42 to 1.90 kg 
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N ha- I day-I during early spring-summer, with the highest rates after the re-wetting of soil. The 

average calculated plant N uptake rate for this period was 1.7 kg N ha- I day-I (range 0 to 6 kg N 

ha- I day-I). Assuming that the net mineralization rates are similar to the ones measured by Hatch et 

al. (1990), it is likely that all of the mineralized N in the control plots was immediately taken up 

by plants. 

For the autumn period no clear relationship can be observed between nitrous oxide emissions and 

nitrate levels (Figure 6-6). However, the nitrous oxide emissions during the spring period from the 

ploughed treatments increased concomitantly with the increase in soil nitrate up to day 320. This 

period up to day 320 was characterised by a high average temperature in the top soil of 20 to 25°C 

and followed high rainfall (days 284 - 290) (Figure 6-6). Such conditions are seen to stimulate the 

highest net mineralization rate in the soil. The drop in nitrous oxide flux at day 321 is most likely 

related to the temperature drop to approximately 15°C following a rainfall event. Moreover, the 

subsequent increases in nitrous oxide emission at days 344 - 350 and 359 are more closely related 

to increased soil moisture through rainfall rather than the elevated soil nitrate level. Even at the end 

of the observation periods the soil nitrate levels seemed to be still increasing rather than decreasing. 
- . 

Therefore, ploughing grassland would appear to offer the potential for elevated nitrous oxide fluxes 

for a long period of time indeed. 

The low nitrous oxide flux from untreated areas is most probably related to the low concentration 

of inorganic nitrogen (Figures 5-3 and 6-6). The influence of plant N uptake is discussed in more 

detail in section 6.9. 

6.5.2. Urine treated areas 

Nitrogen in the synthetic urine was mainly in the form of urea (Section 4.2.2.1.) which first had to 

undergo hydrolysis to ammonium before it could nitrify to nitrate. Most of the mineral nitrogen 

from the urine applications remained in the top 5 cm (analyses were performed for 5 - 10 cm and 

10 to 15 cm as well (Section 4.6.2.). In order to simplify relationships and draw attention to the 

most important ones, only the mineral N contents of the top 5 cm are presented. 

Most of the applied urea had disappeared after 3 days (Figure 6-7) showing that hydrolysis is very 
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Figure 6-7: Urea concentrations in the top 5 
cm of soil after urine applications (experiment 
one). 

rapid irrespective of the time of application during 

the year which is in agreement with reports by 

other researchers on urine treated grassland (Doak, 

1952; Haynes and Williams, 1992; Holland and 

During, 1977). Soil ammonium and nitrate 

concentrations (0-5 cm) from urine treated areas 

are presented together with the nitrous oxide 

emissions for experiment one and two in Figure 6-

8 and 6-9. 

Highest amounts of soil ammonium and soil 

nitrate as well as the time after application when 

these values were reached are presented for 

experiments one and two III Table 6-1. 

Ammonium concentrations reached values as high as 440 kg N ha· 1 while highest soil nitrate 

concentrations reached only approximately 100 kg N ha- I (Table 6-1). In general, highest ammonium 

levels for the four urine applications during experiment one were reached after 3 to 5 days and 

highest nitrate levels after 18 to 50 days. 

The transformation of nitrogen from ammonium to nitrate (nitrification) appears to be controlled 

both by temperature and the moisture content in soil. The fastest nitrification rate occurred during 

the summer period and the slowest during the winter period. In the spring period two nitrate peaks 

were observed 29 and 49 days after urine application. Experiment two provided evidence that the 

nitrification rate was affected by soil moisture content. There the soil nitrate values were 

significantly lower (p < 0.01) in the minimum moisture treatment than in either of the other two 

moisture treatments (Figure 6-9). The temperature and moisture effect on nitrification agrees with 

the review of nitrification by Haynes (1986) which shows that these factors are important for 

predictions of the nitrification activity in soil. 
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Table 6-1: Highest soil ammonium and nitrate amounts (0 - 5 cm soil depth) from young pasture 
and the time after application when these values were reached for all applications in experiment one 
and two (values in brackets represent standard errors). 

Soil ammonium - N Soil nitrate - N 

highest amount days after highest amount days after 
(kg N ha- I

) application (kg N ha- I
) application 

Experiment one 369 (± 58) 4 65 (± 17) 18 
Summer 

Autumn 211 (± 35) 3 79 (± 9) 39 

Winter 259 (± 23) 5 85 (± 4) 50 

Spring 244 (± 22) 5 86 (± 4) 29 
95 (± 24) 49 

Experiment two 441 (± 51) 1 68 (± 1) 
young - max 

young - interm 424 (± 47) 1 70 (± 2) 19 
young - min 332 (± 58) 12 16 (± 7) 

Haynes and Williams (1992) found that after 15 days nitrate would be the dominant mineral N form 

in soil after application of natural urine to grassland soils. The somewhat slower nitrification rates 

(18 to 50 days) in this study could be related to the use of synthetic urine. Doak (1952) found that 

in particular heteroauxin and allantoin, which were not added to the synthetic urine in this study, 

were found to stimulate nitrification. However the influence of these compounds still has to be 

proven under field conditions. Their influence might be negligible compared to the effect of soil 

temperature and soil moisture on nitrification rates. 

Apart from significantly higher soil ammonium i,n the old pasture compared to the young pasture 

on day one of experiment two (p < 0.01), no other statistical differences in inorganic nitrogen 

content were observed between the old and young pasture (Figure 6-9). Recall that the same 

amounts of nitrogen were applied to both the old and young pastures (500 kg N ha- I
). Therefore the 

initial differences and recovery of greater than 500 kg NH4-N ha- I in the old pasture soil (Figure 6-

9) must be attributed to greater amounts of NH4 + already present in the older soil. This might also 

explain the higher background emissions of nitrous oxide in the preliminary experiment (old pasture 

soil) compared to experiment one (young pasture soil) (Section 5.3.1.). 
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Nitrate concentrations for the maximum and intermediate moisture treatments at measurement day 

4 (19 days after urine application) for experiment two were comparable to the highest nitrate 

concentrations observed during experiment one (Table 6-1). Temperatures throughout experiment 

two were comparable to the temperatures present during the summer period of experiment one. 

These temperatures together with the high moisture contents, created optimum conditions for 

nitrification in the maximum and intermediate moisture treatments. 

As shown with experiment two (Figure 

6-9), high inorganic nitrogen will only 

lead to high nitrous oxide emissions if 

the soil moisture status is high enough 

to support microbiological activity. A 

similar relationship can be seen in 

Figure 6-11 where nitrous oxide 

emissions create almost a mirror 

image of the soil water suction from 

the spring urine applications. 

Observations on day 288 after the start 

of experiment one showed that soil 

nitrate concentrations (0-5 cm) were 

similar for both the winter (6.6 ± 0.7 
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Figure 6-10: Nitrous oxide emissions, soil nitrate and 
ammonium levels for winter and spring urine application 
[days 280 to 310 after the start of experiment one]. 

kg N03'-N ha· l) and spring (4.8 ± 0.8 kg N03'-N ha·l) urine applications (Figure 6-10). In contrast 

the soil ammonium contents (0-5 cm) at that day were 3.2 ± 0.3 and 231 ± 7 kg NH/ - N ha· 1 for 

the winter and spring applications respectively. Since the concentrations of N03' were virtually the 

same for the two different applications, it is reasonable to assume, therefore, that the difference in 

nitrous oxide emissions between the winter and spring urine treatments was related to their different 

ammonium concentrations and resulted from nitrification alone. In addition, it is reasonable to 

assume that since the winter NH4-N concentration was so low, that all the nitrous oxide produced 

on day 288 from the winter application was derived from denitrification alone. Making these two 

assumptions leads to the conclusion that 33 % (winter: 135, spring: 202 g N20-N ha·1 day·l) of the 

nitrous oxide produced from the spring application on day 288 would have been the result of 

nitrification and the rest due to denitrification. This tentative conclusion is discussed further in 
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section 7.3. 

The above result suggests that 

nitrification may be an important 

mechanism for nitrous oxide emissions 

even under very wet (or near 

saturated) soil moisture conditions and 

may support the occurrence of 

anaerobic nitrification (Section 

2.2.1.2.). Furthermore this finding is in 

accordance with the findings of other 

researchers who concluded from their 

studies that nitrification may have an 

important, even dominant, role in N20 

production from anaerobic soils and 

during initial soil wetting (Anderson 

and Levine, 1986; Davidson et aI., 

1993). Also, Parton et aI. (1988) found 

that nitrification may contribute up to 

80 % of the observed nitrous oxide 

emission from a short grass steppe. 

The emissions from the short grass 

steppe are comparable to the values 

obtained in this study (Section 5.3.). 

A more detailed investigation into the mechanisms for nitrous oxide production from urine-affected 

areas will be given in chapters 7 and 8. 

After the winter urine application N20 fluxes remained low for 12 weeks and then increased 

markedly. This contrasts with the findings of other researchers who generally find that the fertilizer 

effect lasts only for approximately 8 weeks (Ryden, 1983). In addition, this enhanced N20 flux 

occurred during a time when the mineral N in the soil from the winter urine application was near 
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background. This delayed effect may be explained by the "memory effect of fertilization" (de Klein, 

1994). Essentially, a bigger and more active population of microbiological organisms may have 

remained in the soil from the winter urine N treatment than would be present in the unfertilized 

control soil. This was one explanation given by Jarvis and Barraclough (1991) for an observed high 

nitrifier activity in grassland which had previously received high N applications. This argument is 

supported by Robinson (1963) who observed a sharp increase of nitrifier populations after urea 

application to a low fertility soil. 

High mineralization rates during periods of high rainfall (Figure 6-10), as observed by Hatch et al. 

(1990) under similar conditions, could have produced mineral soil N concentrations in excess of 

plant N uptake (Section 6.9.) and together with the high microorganism population could have 

produced the high nitrous oxide flux 12 weeks after the initiation of the winter experiment. 

Moreover because of a possibly higher microorganism population in comparison with the control 

areas, the urine-affected patches would have emitted larger N20 fluxes even in the presence of 

similar N concentrations. 

The calculation described previously of N20 emissions via nitrification and denitrification based on 

similar N03--N concentrations from the winter and spring application (Figure 6-10) was made with 

the implicit assumption of equal denitrifier populations. However, the above discussion suggests the 

possibility of a larger, more active denitrifier population in the winter urine plots compared to the 

plots from the spring application. If that was so, then the N20 flux from the spring application via 

denitrification is most probably lower than originally presumed. Consequently the N20 emissions 

via nitrification from the spring urine plots are likely to be even higher than the suggested 33 %. 

The nitrification activity in this soil appears to be high as indicated by the rapid ammonium 

transformation to nitrate in the ploughed plots. The division of N20 emissions into fluxes from 

nitrification and denitrification during the initial period after the spring urine application will be 

further investigated in section 7.3. It can be concluded that the study of biological population 

dynamics appears to be a very important area of research necessary to help explain these findings. 

Results from this study provide evidence that the rate of nitrous oxide emission is coupled to the 

rate of the N transformations in soil. This was already suggested in section 5.2. as the main reason 

for the similar nitrous oxide losses from sheep and cow urine patches in the preliminary experiment. 
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The suggestion that the N20 emission rate is related to the N transformation rates is in agreement 

with findings of Monaghan and Barraclough (1992) who argued that N20 released by both 

nitrification and denitrification is governed by the nitrification rate. Rapid rates of nitrification may 

create high N03- levels in excess of plant requirements which then can be denitrified (Monaghan 

and Barraclough, 1992). Davidson (1991) presented essentially the same argument by representing 

the N20 emissions with a "leaky pipe" analogy where the rate of N20 loss out of the nitrification

denitrification system (through holes in the pipes) is proportional to the overall rate of N 

transformations (flow rate through the pipes). Also Parton et al. (1988) found that seasonal N20 

emission patterns are coupled to mineral N dynamics. 

In each of these studies, including the present one, it appears that there exists a rather complex 

relationship among N mineralization, N transformation rates, plant N uptake and the various factors, 

such as soil temperature and soil moisture which influence these processes. It is the overall 

interaction between these processes which therefore determines the rate of nitrous oxide production. 

Consequently, localised high concentrations of applied N which exist for instance where urine 

patches overlap, may not necessarily produce higher nitrous oxide emissions because the N 

transformation rates which release nitrous oxide may occur at similar rates to those areas receiving 

lower N input. 

The effect of plant N uptake will be investigated in greater detail in section 6.9. and the combination 

of factors in section 6.11. 
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6.6. Water soluble carbon 

Water soluble carbon, analyzed during the spring period from young pasture (experiment one) and 

experiment two from young and old pasture are presented in Figures 6-12 and 6-13 respectively. 

Maximum nitrous oxide fluxes 

during these periods were 223 

(Figure 6-12) and 103 (Figure 6-

13) g N20-N ha- l day-l for the 

sprIng application and 

experiment two respectively. The 

minimum water soluble carbon 

values (0 - 5 cm) during the 

same periods were 61 (± 5) and 

38 (± 2) kg C ha- l
. 

Burford and Bremner (1975) 

calculated that 1 I-lg C would be 

required to produce 1.17 I-lg N as 

N20 via denitrification (Section 

2.3.2.). Therefore, the results 
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Figure 6-12: Water soluble carbon (0-5 cm) and nitrous oxide 
emission after the spring urine application (experiment one). 

presented here show that denitrification in the two pasture soils is not limited by the amount of 

water soluble carbon, and hence easily metabolizable, carbon. 

Water soluble carbon immediately after the spring urine application in experiment one (Figure 6-12) 

decreased rapidly over the subsequent 15 days to typical background levels (not shown). This 

observation is consistent with that made by Monaghan and Barraclough (1993) who found that water 

soluble carbon increased after urine application but dropped to background levels after 

approximately 10 to 15 days. They attributed the initially high levels of water soluble carbon to the 

solubilization of organic matter by high pH conditions which follow the addition of urine to soil. 

Furthermore, Monaghan and Barraclough (1993) pointed out that these large amounts of readily 

oxidisable C may be used by denitrifying organisms when N03- is not limiting, 
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(Figure 6-13) were only 
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(p < 0.05). This 

presumably reflects a 

difference in water soluble 

carbon between the young 

and old pastures present 

before the urine was 

applied. This observation 

is consistent with that for 

the soil ammonium levels 

(Figure 6-9). The reason 

why the values become 

similar with time may 

possibly be explained by 
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Figure 6-13: Water soluble carbon (including LSD, p = 0.05) (0-5 cm) 
and nitrous oxide fluxes from old and young pasture at maximum, 
intermediate and minimum moisture level (experiment two). 

movement of urine in old 

and young pasture down 

the soil profile in the two 

moist treatments. However' 

this can not be the reason in the minimum moisture treatment where no plausible explanation can 

be given for the observed convergence in water soluble carbon values. 

Curiously, on one occasion, N20 fluxes appear to be related to water soluble carbon (Figure 6-13) 

despite the fact that it was not limiting in soil. On day one the highest N20 emissions were observed 

from plots with highest water soluble carbon. However this phenomenon is most likely related to 
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other factors since this relationship did not recur on other days (Figure 6-13). 

6.7. Soil pH and conductivity 

Conductivity and pH values from control areas and ploughed areas were not statistically different. 

The pH values ranged in these treatments from 5.0 to 6.5 and the conductivity from approximately 

10 to 100 fls in the top 15 cm (Table 6-2). 

Table 6-2: Ranges for pH and conductivity values from control and ploughed areas (experiment 
one). 

Ploughed areas 

Control Autumn Spring 

pH values 

0-5 em 5.29 - 6.19 5.66 - 6.46 5.60 - 6.47 

5 - 10 cm 5.10 - 6.15 5.56 - 6.31 5.58 - 6.49 

10 - 15 cm 5.00 - 6.26 5.56- 6.30 5.57 - 6.38 

Conductivity (,..S) 

0- 5 cm 10.0 - 52.5 12.5 - 45.0 15.0 - 92.5 

5 - 10 em 10.0 - 27.5 15.0 - 47.5 15.0 - 75.0 

10 - 15 cm 7.0 - 22.5 20.0 - 57.5 22.5 - 80.0 

Values obtained from the four urine applications throughout experiment one (Figure 6-14) were 

statistically greater than control values (p < 0.05). In contrast to the ploughed and control areas, the 

urine treated areas showed a much larger variability in pH and conductivity values. For pH, values 

ranged from 5 to 8 and conductivity ranged from 20 to 400 flS (Figure 6-14). These large 

fluctuations in pH are attributed to the effect of hydrolysis and nitrification in urine affected areas 

(Doak, 1952; Haynes and Williams, 1992; Monaghan and Barraclough, 1992). As might be 

expected, the pH and soil ammonium plots have a very similar shape, and conductivity is clearly 

related to the presence of both soil nitrate and ammonium (Figure 6-14). 
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The initial increase in pH values in urine treated areas is due to the rapid hydrolysis of urea (Figure 

6-14) which produces both a basic environment and high soil ammonium levels (Section 6.5.2.). The 

process of nitrification can be seen in both the disappearance of the ammonium and a concomitant 

pH drop; both shown in Figure 6-14. 

High initial conductivity in urine-treated soil is due to the high amounts of solutes applied in the 

synthetic urine (Section 4.2.2.1.). After the decline in soil ammonium concentration the second 

increase in conductivity is related to the appearance of nitrate via nitrification. 

Since pH and conductivity measurements are easily performed in the field it is useful to examine 

whether they may act as indicators in urine-treated soil for soil ammonium and soil nitrate 

concentrations and therefore potential nitrous oxide emissions. 

Changes in soil ammonium and soil nitrate may be predictable by using their apparent relationships 

to pH and conductivity respectively (Figure 6-14). The simplest approach is to regress the observed 

(includes interpolated data: Section 4.2.3.1.) inorganic nitrogen for the top 5 cm of soil with a linear 

model of the form Y = A + BX for soil NH/-N versus pH and soil N03--N versus conductivity. 

Figure 6-15 illustnites the deviation and use of such a regression model for the full data set shown 

in Figure 6-14. Since nitrous oxide production in urine treated pasture appears to be mainly related 

to conditions in the top 5 cm the regression equations are only developed for relationships in that 

zone. 

The regression equations are: 

NH4+ = Ap + Bp pH and [5-1] 

N03- = Ae + Be Cond ................................................. [5-2] 

where NH/ = soil ammonium for the top 5 cm [kg NH/-N ha- 1
] 

pH = pH values top 5 cm 
N03- = soil nitrate for the top 5 cm [kg N03--N ha- 1

] 

Cond = conductivity in top 5 cm [I1S] 

A = -428 p 

Bp = 78.892 
Ae = -2.777 
Be = 0.235 
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Equations [5-1] and [5-2] have regression coefficients (r) of 0.603 and 0.598 respectively. 

As can be seen in Figure 6-15 the inorganic nitrogen values (N03- and NH/) can be predicted 

reasonably well for all the seasons between approximately 15 and 60 days after each urine 

application. Before, this period the soil nitrate, .and after the 60 days the soil ammonium levels, are 

not fitted very well, However, before day 15 the soil nitrate may be approximated by linear 

interpolation back to day 1 by making the assumption that the nitrate level at the day of urine 

application was at background level. After 60 days the soil ammonium level may be approximated 

by assuming that it is at background levels as well. 

This illustration shows that a simple predictive approach may help to investigate the potentials for 

nitrous oxide emissions (i.e. high nitrate or ammonium contents) after urine applications. However, 

it has to be pointed out that the relationships shown and used (Figure 6-15) are dependent on the 

soil type as well as the application rate and composition of the applied urine solution. 

For experiment two no significant differences for pH and conductivity were found between different 

ages of pasture. A significantly higher pH value at day 19 after urine application for the minimum 

moisture treatment (OP = 6.09; YP = 6.36; OP = old pasture, YP = young pasture) compared to the 

maximum moisture treatment (OP = 5.45; YP = 5.49) and intermediate moisture treatments (OP = 
5.25; YP = 5.28) was observed. This was most probably related to the lower nitrification rates in 

the minimum moisture treatment as discussed above and in Section 6.5.2. 

6.S. Dry matter production 

Dry matter was collected from all urine treatments and control plots throughout experiment one. 

However, a comparison in dry matter production over the whole year between urine-affected and 

urine-unaffected pasture could only be made for the summer urine application (Table 6-3; Figure 

6-16). 

Total dry matter production per year was not significantly different from the control (9500 kg ha- 1) 

and summer urine-treated plots (8700 kg ha- 1
) (Table 6-3). Initially the urine treated areas produced 

higher rates of dry matter. However, this was reversed approximately 80 days after the start of the 

experiment (Figure 6-16). 
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This finding is in accordance with other findings that the fertilizer effect of applied nitrogen lasts 

for approximately 2 to 3 months after application (Whitehead and Bristow, 1990). 

Table 6-3: Total dry matter production and the grass, clover and weed components from untreated 
and urine treated young intensive grassland (summer application, experiment one) [arithmetic means 
of four replicates; values in brackets indicate standard errors]. 

Control (kg ha-') Summer urine application (kg ha-') 

. Total dry matter production 9467 (± 348) 8664 (± 1035) 

Grass 2650 (± 359) 5426 (± 484) 

Clover 5985 (± 414) 2787 (± 1138) 

Weed 832 (± 177) 452 (± 114) 

Whereas the areas treated with urine produced approximately twice as much grass as the untreated 

plots, this relationship was reversed for clover with roughly double the clover amount from the 

control plots (Table 6-3). 

The disappearance of clover and the concomitant increase in grass (Figure 6-16) is clearly related 

to the fertilizer effect of the high rates of N applied in the synthetic urine solution. This is in 

accordance with similar findings reported by Haynes and Williams (1993). 

While the grass component in the urine applied areas dropped back to the control rate after 

approximately 200 days, the clover component from the urine treatments started to increase only 

slowly and dominated the total dry matter production again only towards the end of the year (Figure 

6-16). However even at the end of experiment one the calculated clover growth rate from the urine 

treatments had not reached the clover growth rate of the untreated areas. 

The result presented in this section provides a good example of how the composition and growth 

rates of intensive grassland and their components change after application of synthetic urine. A large 

N application rate creates totally different plant growth conditions. It takes approximately a year 

before the plant community growing in an area affected by a single sheep urination event adjust to 

the composition and growth rates typical in urine-unaffected pasture. Similar observations are 

reported by Haynes and Williams (1993). The dry matter production is only indirectly related to 
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N20 production mainly via the concomitant plant N uptake rates as discussed in the next section. 

6.9. Plant N uptake 

Plant N uptake was calculated for all urine treatments throughout experiment one. In this section 

results from the spring urine application are used as an example to show the influence of plant N 

uptake on nitrous oxide production. Calculated plant uptake, nitrous oxide emissions and total soil 
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are presented In Figure 6-17. 

Compared to the total inorganic 

nitrogen present in the soil, the 

calculated plant N uptake was small in 

the 2 - 3 weeks after the urine 

application. 

From days 342 to 360 a total of 108.4 

mm of rain was recorded. However, 

this high rainfall failed to produce the 

expected high nitrous oxide emission 

Figure 6-17: Daily plant N uptake, total inorganic N (N03- as observed shortly after the urine 
+ NH4+ 0-5 cm) and nitrous oxide production after the 
spring urine application (experiment one). application. From the data presented in 

Figure 6-17 it can be seen that this 

period of high rainfall coincided with a period of very rapid plant N uptake of up to 8 kg N ha- I 

day-I. As a consequence the total inorganic nitr<:>gen pool declined rapidly. This combination of 

factors may have created a competition for inorganic nitrogen between the plants and nitrous oxide 

producing bacteria. The competition was lost by the bacteria in favour of the plants and the result 

was that only low nitrous oxide fluxes resulted. This observation agrees with the work of Ryden 

(1983) who found little nitrous oxide release after rain in a period of rapidly decreasing soil nitrate. 

He attributed this finding to plant N uptake or a counterbalance between N20 production and rapid 

plant uptake. Furthermore, Jarvis et al. (1991) supported this view by suggesting that the 

competition between N uptake by plants, N immobilisation and denitrification in grassland is 
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directly related to total denitrification losses from those land-use systems. 

In addition, net mineralisation rates in relationship to plant N uptake, N transformations and N loss 

processes are probably the most important factors in low input grasslands (urine-unaffected, 

ploughed grassland; see section 6.5.2.) in determining the amount of N20 lost from these systems. 

High losses from these systems would be expected when the mineral N, as supplied by 

mineralization, exceeds the requirements of the plants (Monaghan and Barraclough, 1993). 

6.10. Different ages of intensive pasture 

There were no significant differences in nitrous oxide fluxes between young and old pasture soils 

throughout experiment two (Section 5.4.). Differences in nitrous oxide emissions were only observed 

when comparing the background nitrous oxide fluxes from both soils during the preliminary 

experiment and experiment one (Table 5-2). As discussed in Section 6.5.1. these differences in N20 

emissions might have been related to differences in soil ammonium concentrations. The high N 

application in the urine treatments most probably masked these initial differences in soil N and this 

was the reason for the non different N20 emissions between young and old pasture (Section 5.4.). 



142 Factors influencing N20 production from soil 

6.11. Interaction of factors 

Overall, high N20 emissions were positively influenced by high N concentrations in soil (Section 

6.5.). However as already indicated in section 5.3.2. a combination of factors rather than one single 

factor seems to be responsible for the production of nitrous oxide from soil. Soil water suction 

(Section 6.2.) and soil temperature (Section 6.4.) and their interaction appear to be very important. 

The influence of both soil water suction and soil temperature on nitrous oxide emissions after urine 

application is best visualized three dimensionally. A good example is presented in Figure 6-18 

which shows the data from the winter season (experiment one). 
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Figure 6-18: Influence of soil water suction and soil temperature on nitrous 
oxide production, winter urine application (experiment one). 

High nitrous oxide emissions were observed only at soil water suctions lower than approximately 

150 cm (em of water). But, at those low moisture contents only temperatures higher than 

approximately 15°C increased the nitrous oxide emissions substantially (see also Section 6.4.). 

However, this interaction depicted in Figure 6-18 ignores inorganic nitrogen (N03- and NH/). The 
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influence of both soil water suction 

and soil temperature on each form of 

inorganic nitrogen is presented in 

Figures 6-19 and 6-20. It is particular 

noteworthy to see that the soil nitrate 

and soil ammonium levels are very 

low at times of high nitrous oxide 

production (Figures 6-19 and 6-20). 

These relationships confirm a high soil 

nitrate or ammonium content does not 

necessarily lead to a high nitrous 

oxide flux. 

Results of this study provide evidence 

that nitrous oxide fluxes are mainly 

driven by the water status in soil, the 

soil temperature and the inorganic 

nitrogen content. Furthermore, the 

three factors are strongly interrelated 

and only certain combinations favour 

high nitrous oxide production from 

soil. A combination such as: high 

moisture + high temperature + high 

inorganic nitrogen produces greater 

N20 fluxes compared to a combination 

such as: high moisture + low 

temperature + high inorganic nitrogen. 

In addition, the effect of large rainfall 

events combined with near saturated 

soil moisture status acts as a trigger 

for high nitrous oxide emissions. 
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Figure 6-19: Influence of soil water suction and soil 
temperature on soil nitrate, winter urine application 
(experiment one). 
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Approximately 80% of the total nitrous oxide emitted over the year of measurement was released 

at times when the soil water suction was below 150 cm (cm of water) (Sections 6.2. and 8.3.). Such 

observations clearly illustrate the effect of high soil moisture on N20 production. In addition, they 

are in agreement with the research of Ryden (1981) who attributed nitrous oxide emissions to a 

combination of soil mineral nitrogen, soil temperature and soil moisture with highest emissions 

observed after fertilizer application, soil temperature > 10°C and soil moisture contents near 

saturation. More recently, Brams et al. (1990) reported similar interaction effects for soil water and 

soil temperature as those presented here, in studies of N20 emissions from subtropical grass pasture. 

The results from this current study provide evidence that N20 emissions can be high even under 

situations of very low soil N concentrations provided the nitrogen supply (mineralization and supply 

through fertilizer) exceeds plant N uptake (Section 6.9.). Under situations where those conditions 

. exist the N transformations and the concomitant N20 release from soil are then influenced by soil 

moisture and soil temperature (Section 6.5.2.; Figures 6-18 to 6-20) which is consistent with the 

findings of other researchers (Jarvis et aI., 1991; Monaghan and Barraclough, 1993). 

To illustrate the effect of the interrelationship among mineral N present in soil, plant N uptake, 

mineralization rate and nitrous oxide production, a simple calculation is presented based on the 

results of the nitrous oxide emissions from day 281 to 288 for the winter urine treatment. Figure 

6-10 shows that the winter urine treatment emitted large amounts of nitrous oxide despite a low 

mineral N content in the soil. From day 281 to 288 the total inorganic nitrogen content decreased 

by 7.0 kg N ha- ', while for the same time period plant N uptake of 18.9 kg N ha- I was calculated. 

Moreover, on day 288 a total of 9.8 kg N ha- ' was still left in the soil. If it is assumed that no 

leaching of mineral N occurred and that the plants took up N solely from the top 5 cm, the net 

mineralization rate for the same period should have yielded '11.7 kg N ha- I
. The average daily net 

mineralization rate of 1.47 kg N ha- I is therefore in the range of net mineralization rates from 

grass/clover pastures reported by Hatch et al. (1990) (0.42 to 1.90 kg N ha- '). In other words, 

approximately 10 kg N ha- I was available for N transformations in the top 5 cm of soil. During that 

time (day 281 to 288) only approximately 0.5 kg N20-N ha- I was produced. Thus, there was more 

than enough N mineralized during that period to generate the N20 emitted. This simple illustration 

shows that there is no need for high inorganic nitrogen concentrations to produce large nitrous oxide 

emissions from soil as long as the supply of mineral N exceeds the plant N uptake. A second 
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illustration can be given for the time period between 342 to 360 days after start of experiment one. 

Then, high plant N uptake rates were assumed to be in competition with nitrous oxide emissions 

(Section 6.9.). To support the plant N uptake rate during this period by mineralization alone it was 

calculated that a mineralization rate of 4 to 5 kg N ha-I day-I would be needed. This rate is well 

above the range reported by Hatch et ai. (1990). Therefore it can be assumed that the competition 

by plant N uptake towards nitrous oxide emissions is, in this case, much greater and could have 

produced a situation where nitrous oxide emissions were suppressed. 

Another more speculative factor might be the dynamics of microorganism populations within the 

urine patches. As discussed in section 6.5.2. the 'memory' effect of large previous N applications 

may have had a stimulating effect on the microorganisms which might account for the large N20 

emissions observed from the winter urine patches (day 281 to 288). 

In this chapter the observed nitrous oxide flux has been mostly related to the factors present in the 

top 5 cm of the pasture. The use of the top 5 cm is also consistent with the work of other 

researchers who have found that the top 5 to 10 cm of soil is the most biologically active (Jarvis 

and Barraclough, 1991; Ball and Keeney, 1981). Furthermore, the 0 - 5 cm layer is the zone of 

accumulation of organic material including the plant rhizosphere, microbes and free living enzymes 

(Simpson and Steele, 1981). This layer was also the zone of maximum denitrification in cow urine 

patches (Limmer and Steele, 1983). Additional support for the importance of the top 5 cm is 

provided by researchers who have found that the nitrous oxide flux is correlated with the soil 

moisture data (Mosier et aI., 1981) and temperatures (Section 6.4.) of that zone. 

Ploughing in a pasture stimulates a flush of net N mineralization from both pasture plant residues 

and soil organic matter (Francis et aI., 1992). The absence of vegetation and thus plant N uptake 

after ploughing, allowed the mineralized N to accumulate in the soil (see Section 6.5.1.). 

Mineralization has therefore a much higher effect on the potential for nitrous oxide production from 

those plots in comparison to unploughed grassland. As mentioned earlier, mineralization 

measurements by Hatch et ai. (1990) of soil under grass/clover swards ranged from 0.42 to 1.90 kg 

N ha- I day-I. These amounts would accumulate in ploughed plots where they could undergo leaching, 

immobilisation or be converted into gaseous N products during nitrification or denitrification. 

Another remarkable condition in ploughed plots is that the emissions may by related, especially 
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during dry periods, to the water content in the zone where the plant material is incorporated. Nitrous 

oxide emissions can still be high even during very dry periods (Section 6.4.). A combination of 

both, a dry top soil, which retards water movement upwards (low hydraulic conductivity), and a lack 

of water extraction by plants, creates conditions where moisture in the zone of the main N 

transformations can lead to high N20 production. No observations similar to the ones observed in 

this study were found in the literature. The interaction between mineralization of incorporated plant 

material and the moisture and temperature conditions on nitrous oxide emissions in ploughed areas 

are not fully understood and need further investigation. 

6.12. Summary 

Correlations between soil and environmental factors with nitrous oxide measurements from soil are 

. presented in this chapter. The principal results are summarized below: 

• 

• 

• 

• 

• 

Soil water content, soil temperature and the available soil inorganic nitrogen, all from the top 
5 cm, were identified as the main factors controlling the nitrous oxide emissions from urine 
affected areas. 

Most of the observed nitrous oxide loss (80%) from urine treated pasture occurred when soil 
water suction was less than 150 cm (cm of water). 

Nitrous oxide measurements made at various times throughout several typical days from urine
affected and ploughed treatments provided strong evidence that soil temperature was the main 
factor driving the diurnal nitrous oxide flux pattern. 

An interaction among soil inorganic nitrogen, soil moisture and soil temperature is mainly 
responsible for high nitrous oxide emissions. 

Net mineralization and the dynamics of microorganism populations may be related to the high 
nitrous oxide emissions from soil with low mineral nitrogen concentrations. 
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CHAPTER SEVEN 
7. The determination of emission pathways from urine affected pasture using acetylene 

inhibition 

7.1. Introduction 

This chapter describes the results obtained with the acetylene inhibition technique (or "jar method") 

during experiment two (Section 4.5.3.). This technique enabled the determination of the fractions 

of nitrous oxide produced from urine patches via nitrification and denitrification as well as 

dinitrogen from denitrification. A method is presented which makes use of the relationships found 

in experiment two to calculate the fractions and amounts of nitrous oxide produced via nitrification 

and denitrification as well as dinitrogen for experiment one in which only total nitrous oxide 

emissions were measured. In addition, a comparison is presented between nitrous oxide 

concentrations for the soil cover and the jar method during the incubation period. 

7.2. Results from experiment two 

The statistical analyses of the nitrous oxide emissions at different acetylene concentrations were 

performed as indicated in section 4.2.4. A summary of these results using natural logarithmically 

transformed values is presented in: Table 7-1. Nitrous oxide emissions from soil cores in the 

presence of differing acetylene concentrations were not statistically different for all treatments and 

measurement times (Table 7-1). This result can be partly explained by the high spatial variability 

in nitrous oxide production from individual cores which carried over to the jars. Despite this 

observation, a clear trend in nitrous oxide production from soil treated with different acetylene 

concentrations can be observed. The lowest numbers of significant differences exists between the 

o Pa and the 5 Pa treatments, followed by the 0 Pa to 10 kPa and 5 Pa to 10 kPa treatments. At 

times when both denitrification and nitrification were active in soil, the nitrous oxide concentrations 

were expected to be in the order: 5 Pa C2H2 < 0 Pa C2H2 < 10 kPa C2H2 treatments, and this was 

always observed (Figure 7-2). These results indicate that the concentrations of acetylene used in this 

study were successful in distinguishing between nitrous oxide from nitrification and denitrification 

as well as dinitrogen from denitrification. Similar observations have been made by other researchers 

when using the acetylene inhibition technique (Klemedtsson et aI., 1988a; Kester et aI., 1994) 
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Table 7-1: Statistical analyses for the nitrous oxide concentrations at three different CzHz 
concentrations (experiment two) [S = significantly different, p ::; 0.05; NS = not significantly 
different, p > 0.05]. 

days after maximum intermediate minimum 
start of moisture content moisture content moisture content 

experiment 
Young p. Old p. Young p. Old p. Young p. Old p. 

Comparison between 0 Pa and 5 Pa C2H2 

1 NS NS NS NS NS NS 

5 S NS NS S NS NS 

12 NS NS NS S NS NS 

19 NS NS S NS NS NS 

Comparison between 0 Pa and 10 kPa C2H2 

1 NS NS NS NS NS NS 

5 NS S S NS NS NS 

12 NS NS NS NS S NS 

19 NS NS NS NS S S 

Comparison between 5 Pa and 10 kPa C2H2 

1 NS S S NS NS NS 

5 NS S S S S S 

12 S NS NS S S S 

19 NS NS NS NS S S 

Ratios of N20niN20cont' N20denIN20cont and N2 de/N20cont (N20 nit = N20 from nitrification; N20 den = 

NzO from denitrification; NzOcont = N20 nit + N20 den; NZ den =·dinitrogen from denitrification) from 

all treatments of the jar-incubations during experIment two are presented in Figure 7-1. Ratios of 

N20niIN20cont and N20de/N20cont are in the range from 0 to 1. N2 denIN20cont can and do exceed 1, 

indicating that the dinitrogen flux is generally larger than the total nitrous oxide flux (Figure 7-2). 

These ratios were used in combination with the integrated daily nitrous oxide fluxes from the soil 

cover method to calculate actual nitrous oxide fluxes from nitrification and denitrification as well 

as dinitrogen via denitrification. Those results are presented in Figure 7-2. 
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The N20n/N20conl ratios (Figure 7-1) and actual fluxes of N20 nit (Figure 7-2) have a tendency in all 

treatment combinations to decrease with time. The only exceptions to this general trend are values 

for young pasture at day 1 (maximum moisture), day 5 (minium moisture) and day 19 (intermediate 

moisture) (Figures 7-1 and 7-2). Since the soil ammonium content and the net nitrification rate was 

decreasing with time (Figure 6-9), this observation was expected. The high N20niIN20cont ratios even 

at the end of experiment two, can be explained by the soil ammonium levels still being high in the 

top 5 cm (Figure 6-9) after 19 days. 

The N20de/N20cont is related to the N20nitIN20cont ratio by: 

N20denIN20cont = 1 - N20niIN20cont. 

Therefore exactly the opposite of those comments made above concerning the N20nitIN20cont ratios 

applies to nitrous oxide produced by denitrification. The N20denIN20cont ratio increases with 

increasing soil nitrate content in the top 5 cm. 

These results indicate that in urine patches nitrous oxide is initially produced mainly by nitrification 

but with time denitrification becomes the major source. 

As pointed out in section 6.4., the total nitrous oxide release within any particular moisture 

treatment over the period of experiment two appears to be mainly related to the soil temperature 

(Figure 6-3). However, no clear temperature relationship can be observed for the ratios produced 

by nitrification and denitrification (Figure 6-3 and Figure 7-1). 

Dinitrogen emissions measured during experiment two ranged from no dinitrogen emitted (Young 

pasture, minimum moisture, day 1) to 5 times the total nitrous oxide emitted (Young pasture, 

intermediate moisture, day 1) (Figure 7-2). Most of the treatment combinations during experiment 

two emitted higher dinitrogen fluxes than nitrous oxide. With the exception of the combination: old 

pasture - intermediate moisture, ratios of N2 denIN20cont decreased with time in both soils for the two 

higher water content treatments, while at the same time the N2 denIN20cont ratios increased in the 

minimum moisture treatments. A likely explanation for the changes in these ratios recognises the 

concomitant changes in soil nitrate concentrations for these treatments. Specifically, at high moisture 

contents an increasing proportion of the total gaseous-N emitted was as nitrous oxide and coincided 



152 Determination of emission pathways (CP2 method) 

with increasing soil nitrate concentrations (Figures 7-2 and 6-9). 

Researchers have found that with increasing nitrate in the soil the reduction step from nitrous oxide 

to dinitrogen becomes increasingly inhibited (Blackmer and Bremner, 1978a; Firestone et aI., 1979; 

Monaghan and Barraclough, 1993; Terry and Tate, 1980; Zumft and Kroneck, 1990). The two wetter 

treatments appeared to show this effect. In contrast, the increasing dinitrogen fluxes with time for 

the minimum moisture treatment indicate that nitrate accumulations were not high enough to inhibit 

the final reduction step in the denitrification sequence. In addition, as discussed in section 6.4., the 

gas production zones in the minimum moisture treatment are most likely deeper in the soil profile 

where soil nitrate concentrations are even lower than these measured for the top 5 cm (Figure 6-9). 

Furthermore, it should be noted that despite extremely low moisture contents in the minimum 

moisture treatment more dinitrogen than nitrous oxide was emitted for most of the days of the 

experiment (Figure 7-2). This presumably indicates the presence of anaerobic microsites in which 

the denitrifying activity takes place, a phenomenon which is well known in aggregated soils 

(Greenwood, 1975 In Firestone, 1982; Parkin, 1987 in Bouwman, 1990). 

7.3. Application of results from experiment two to experiment one 

As discussed in the previous section, the relative amounts of nitrous oxide emitted via nitrification 

and denitrification appeared to be related to soil ammonium and soil nitrate concentrations 

respectively. Similarly the amounts of dinitrogen emitted appeared to be related to the soil nitrate 

concentrations. To investigate these possible relationships, linear regressions in the form Y = A + 

BX were performed. It will be appreciated that any nitrous oxide emitted via denitrification is 

related to the nitrous oxide emitted via nitrification by the relationship N20 den = N20cont - N20 nit. 

Consequently, only two sets of regressions were created. One regression with X = NH/I(N03- + 

NH4 +) versus Y = N20niIN20cont and a second regression with X = N03-/(N03- + NH4 +) versus Y = 
N2 de/N20cont (Figure 7-3). 

The data presented in Figure 7-3' are ratios of log normally transformed mean values from three 

replicated determinations of N20cont' N20 nit or N2 den plotted against the arithmetic means of 3 

'Note: Graphs of N20djN20cun, against NO)'/(NH/ + NO)-) are mirror images of those for N20 n;/N20",", against NH//(NH/ + 
NO)") and are therefore not shown. 
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replicate determinations of soil NH/-N and N03--N. The mineral-N values (Figure 7-3) were 

obtained by analysis of cores taken from adjacent urine treated plots (Section 4.2.1.3.). 

Determination of the N20niIN20cont fractions for young pasture indicated that three values (out of 

12) did not fit well into the trends formed by the others (Section 7.2.) (indicated in Figure 7-3). It 
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was therefore decided to omit these three values before calculating the regression equations. 

Including these values would have produced substantially different regression equations from those 

expected. Ideally, and with hindsight, at least one more data point for each graph would have given 

greater confidence in the resulting relationships. Also, measuring the mineral-N on those cores 

actually used in the jar method would probably have improved the resulting relationships. 

Nevertheless, the relationships obtained for mineral nitrogen versus the above mentioned ratios 

should provide a method for calculating N20 den and N20 nit from observations where only total N20 

and inorganic nitrogen are recorded. This approach will be used in this section to calculate N20 den 

and N20 nit for experiment one. 

The regressIOn parameters obtained for the young and old pasture for all treatments during 

experiment two (Figure 7-3) are presented in Table 7-2. Regression coefficients (r2) are in most 

cases> 0.60, however some relationships show a rather poor regression coefficient. As discussed 

above this is most probably related to the limited numbers of points used. 

Table 7-2: Parameters A and B and regression coefficients (r) from linear regression in Figure 7-3. 

Young pasture Old pasture 

intermediate minimum intermediate 
.. 

maXImum maXImum mInImUm 
8y 8y 8y 8y 8y 8y 

NH4 +/(N03- + NH4 +) versus N2OniIN20cont 

A -0.19908 -2.21505 -1.10453 0.11225 -1.11373 -5.86198 

B 0.96335 2.93349 1.61434 0.50102 1.91894 6.52807 

r2 0.96 0.51 1.00 0.12 0.94 0.65 

N03-/(N03• + NH4 +) versus N2 d~",N20cont 

A 2.02324 4.19724 0.55392 3.00150 1.52046 0.47117 

B -3.03817 -13.15843 39.31427 -7.74613 -2.08734 31.30567 

r 0.19 0.79 0.63 0.82 0.17 0.77 

To apply the relationships found in experiment two to the determination of the different pathways 

of nitrous oxide and dinitrogen production in experiment one, two assumptions had to be made: 

1. The relationships obtained for the maximum, intermediate and minimum moisture treatments 
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were representative for experiment one during times when the soil water suctions were < 55 

cm, 55 - 150 cm and> 150 cm respectively (ie. moisture levels in experiment two). 

2. The ratios of nitrous oxide via nitrification and denitrification as well as dinitrogen relative 

to total nitrous oxide were unaffected by temperature changes. 

In the light of the finding that most of the nitrous oxide was produced (80 %) at soil water suctions 

lower than 150 cm, the first assumption is reasonable. The second assumption was necessary 

because a comprehensive data set for temperatures other than those occurring during experiment two 

was unavailable. From the literature it appears that most researchers have found that the N20totJN2 

ratio increases with decreasing temperature (Keeney et aI., 1979; Bailey, 1976 and Nommik, 1956; 

review by Granli and B¢ckman, 1994). However, due to the lack of comprehensive data on nitrous 

oxide emitted via nitrification and denitrification it is difficult to generalise on any effect of 

temperature on the N20niIN20cont and N20de/N20cont ratios. For the purpose of this predictive 

exercise, assumption two seems appropriate. 

The procedure for relating the results of experiment two to the results of experiment one involves 

the following: Firstly the NH/I(N03- + NH/) and N03-/(N03- + NH/) ratios for each day following 

all four urine applications were calculated for experiment one. Recall that soil mineral-N was not 

measured daily (unlike most N20 fluxes) and therefore the majority of the mineral-N ratios had to 

be interpolated from the measured values. Secondly for each day in experiment one it was necessary 

to apply appropriate regression equations obtained from young pasture (Table 7-2) to obtain 

N20n/N20cont and N2 de/N20cont ratios. As indicated above, this involved initially dividing the whole 

data set from experiment one into the three distinct moisture categories: < 55 cm, 55 - 150 cm and 

> 150 cm suction. Next~ daily N20de/N20cont ratios were calculated from 1 - N20n/N20cont. 

These resulting N20n/N20cont' N20de/N20cont and N2 de/N20cont ratios are presented in Figure 7-4. 

Finally, multiplying these ratios by the measured daily nitrous oxide fluxes (N20cont) from 

experiment one provided estimates for nitrous oxide produced by nitrification and denitrification as 

well as dinitrogen. These results are presented in Figure 7-5. 
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The calculated N20n/N20cont ratios for the summer, winter and spring urine applications decrease 

rapidly in the first 20 (summer and spring) to 60 days (winter) following application. After the 

autumn application, ratios decreased but unexpectedly increased again at the end of the observation 

period (Figure 7-4). 

The N2denIN20conl had maximum values approaching 40 (Table 7-3). Even during the summer period, 

relatively high emissions of dinitrogen are calculated by this method. 

Table 7-3: Summary of calculated ratios and emissions for nitrous oxide emitted via nitrification 
and denitrification and dinitrogen from denitrification from urine affected areas at times when 
inorganic nitrogen N was measured.C) in g N 2- or N 20-N ha- I

) 

Summer Autumn Winter Spring Total 

N20cont 
1) 452 1947 867 1381 4646 

N 20 nit 
1) 59 341 233 780 1412 

% N 20 nit of total 13.0 17.5 26.8 56.5 30.4 

N20nitIN20cont max 0.50 0.70 0.76 0.76 

N20n;/N20cont min 0 0 0 0 

N 20 den 
1) 393 1606 634 601 3234 

% N 20 den of total 87.0 82.5 73.2 43.5 69.6 

N20denIN20cont max 1 1 1 1 

N20denIN20cont min 0.50 0.30 0.24 0.24 

N2 den 
1) 7467 4106 644 7540 19758 

% N2 den of total 1653 211 74 546 425 

N2 denIN20cont max 32.2 37.3 37:1 39.0 

N2_denIN20cont min 0.7 0 0 0 

On average, for all urine treatments during experiment one approximately 30 % of the emitted 

nitrous oxide was calculated to result from nitrification activity in the soil with the rest due to 

denitrification (Table 7-3). Furthermore, the dinitrogen flux over the whole year was approximately 

4.3 times the total nitrous oxide flux (Table 7-3). 
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The contribution of nitrification to nitrous oxide production was highest in the spring period (56 % 

of total) followed by the winter, autumn and summer periods (27, 18 and 13 % respectively); the 

remaining part being the contribution of nitrous oxide via denitrification. Dinitrogen emissions were 

estimated to be highest in the warm periods (summer and spring) with> 16 times the nitrous oxide 

flux during the summer and > 5 times the nitrous oxide flux in the spring period. The dinitrogen 

emission during the winter period was estimated to be lower than the nitrous oxide emission despite 

the high moisture content of the soil. It is difficult to explain why these differences occurred. 

Further work is needed to confirm these sorts of values and the validity of the approach presented 

here. 

A comparison between calculations based on this indirect acetylene method for dinitrogen emissions 

and the direct 15N method was only achievable during the 6 day period of high 15N2 flux following 

the spring urine application (Section 5.3.4.). For this 6 day period, the mean dinitrogen flux (i.e. 

total 15N flux - nitrous oxide flux) is plotted in Figure 7-6 together with the nitrous oxide flux, and 

the dinitrogen flux calculated using factors derived from the acetylene method. 

Apart from day 285 after the start of experiment one, dinitrogen emissions esti~ated by the 15N and 

acetylene methods agree well. A paired t-test for the 6 days between the dinitrogen emissions 

estimated by the two methods showed that results from both methods were statistically the same 

over this period (p = 0.83). The total dinitrogen losses estimated by the 15N and C2H2 methods and 

the total nitrous oxide emitted during the same period as well as the fraction of nitrous oxide in the 

overall gas production are summarized in Table 7-4. 

Table 7-4: Total dinitrogen emissions estimated by the IsN method (experiment one) and the C2H2 

method (experiment two) and nitrous oxide emissions 5 to 10 days after spring urine application 
(experiment one). 

Total emission N20/(N20 + N2) 
(g N2-/N20-N ha- I

) (-) 

Dinitrogen eSN method) 1782 0.33 

Dinitrogen (C2H2 method) 1662 0.34 

Nitrous oxide 862 I 
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Results in Table 7-4 show that approximately 113 of the total nitrogen emissions during the 6 day 

period was nitrous oxide and the rest was dinitrogen. 
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Figure 7-6: N2 flux estimated by the 15N method and by the C2H2 

method and nitrous oxide flux 5 to 10 days after spring urine 
application (experiment one). 

Recall that from Figure 6-10 and section 6.5.2. it was argued that 33 % of the nitrous oxide came 

from nitrification on day 288. This estimated value can now be compared with the calculated fluxes 

presented in Figure 7-5 using the method described in this section. 

Figure 7-7 shows the measured nitrous oxide fluxes from the winter and spring applications as well 

as the calculated contributions due to nitrification and denitrification for the spring application for 

days 280 to 310 after the start of experiment one. It will be noted that during this period most of 

the nitrous oxide from the spring application is estimated to arise from nitrification. Specifically for 

day 288 a contribution due to nitrification on the overall nitrous oxide flux of 74 % was calculated 

which does not agree very well with the 33 % presented previously (Section 6.5.2.). Nevertheless, 
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apart from days 288 and 289 the calculated nitrous oxide flux due to denitrification agrees quite well 

with the nitrous oxide flux from the winter application, which was assumed to have arisen solely 

from denitrification (Section 6.5.2.). Indeed, calculations for the winter application nitrous oxide 

results show that only 12 % of the overall nitrous oxide flux was due to nitrification-nitrous oxide 

(see Figure 7-5, winter urine treatment). In addition, the possibly lower denitrifier population in the 

plots from the spring compared to the winter urine application, as discussed in section 6.5.2., might 

have caused a lower denitrification contribution in the spring plots. Therefore the contribution of 

nitrous oxide emission due to nitrification might have exceeded the calculated 33 %. 
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High rainfall prior to day 285 (application of urine on day 281) created near saturated conditions 
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in the soil (Section 6.5.2., Figure 6-11). Under those conditions it IS rather surprising that 

nitrification is calculated as being the main mechanism responsible for nitrous oxide production over 

the following 10 day period (Figure 7-7). However, this finding is in accordance with the findings 

of Anderson and Levine (1986) who concluded from their studies that both nitrifiers and denitrifiers 

may be involved in the production of nitrous oxide in anaerobic soils or anaerobic microsites within 

aerobic soils. Furthermore, Davidson et al. (1993) found that nitrification is the dominant source for 

nitrous oxide during the soil wetting period of seasonally dry Mexican tropical forest. 

7.4. Comparison between nitrous oxide emissions from incubation and soil cover method 

In experiment two, nitrous oxide emissions were measured from non acetylene treated urine-affected 

soil with both the jar incubation and the soil cover methods. Figure 7-8 presents plots of all 

moisture and soil treatments of jar results versus contemporaneous soil cover results. For direct 

comparison between the methods, flux measurements by the soil cover method have been 

transformed to represent effective cumulative head space concentrations by integrating measured 

hourly fluxes over the 5 hours of jar incubation and expressing this flux in ppmv. Adjustments were 

made for the differences in head space height: (soil cover method = 10 cm, effective head space 

height in jars = 21.5 cm). Figure 7-8 shows that effective nitrous oxide head space concentrations 

obtained through the cover method were consistently higher than those obtained using the jar 

method. This result is not surprising since nonlinear nitrous oxide fluxes are well known and can 

arise due to a concentration induced inhibition of the gas diffusion process, especially during long 

cover-periods (5 hours for the jar method) (Hutchinson and Mosier, 1981). Adjustments for any non

linear increase were only made for the soil cover technique but not for the incubation technique. 

Parameters for the linear regressions in the form Y = AX (ie. regression lines were forced through 

zero) from Figure 7-8 are presented in Table 7-5. 



Determination of emission pathways (CP2 method) 163 

Table 7-5: Slope parameters A and regression coefficients (~) 
from linear regressions in Figure 7-8. 

maximum intermediate minimum 
8v 8y 8y 

Young pasture 

A 2.346 5.469 3.766 

r2 0.925 0.240 0.001 

Old pasture 

A 2.600 3.060 4.371 

r2 0.268 0.724 0.174 

Notwithstanding the rather poor correlations between these 

two methods, it should be noted that the' A' coefficients are 

all within the range of 2.6 to 5.5, (mean = 3.6; CV = 33 %). 

Consequently, it should be practicable to extrapolate from 

field incubations using the jar method to actual field fluxes by 

using a multiplication factor of approximately 3.6. Such a 

calibration would be essential if the jar method was ever used 

to estimate nitrous oxide fluxes in the field. 

It is noteworthy that several researchers who have estimated 

total denitrification via the jar method appear to have omitted 

any cross calibration to a soil cover method (Jarvis et al., 

1991; Ruz-Jerez et al., 1994). They have mainly relied on the. 

results of Ryden et al. (1987) who found good agreement 

between the jar and soil cover technique for well-drained 

soils. However, those results could not be confirmed for the 

current study which was also performed on a well-drained 

soil. 
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7.5. Mechanisms for NzO emissions in urine-affected grassland and their measurement 

Several researchers have indicated that nitrification is an important, if not dominant, mechanism for 

nitrous oxide production from urine-affected grassland (Anderson and Levine, 1986; Parton et aI., 

1988). However there have been only a few attempts to distinguish between the two main 

mechanisms for nitrous oxide production in a quantitative way (de Klein and Logtestijn, 1994; 

Monaghan and Barraclough, 1993; Parton et aI., 1988). 

Methods to distinguish between N20 generated by either nitrification or denitrification include the 

addition of chemicals such as dicyanamide (DCD) (de Klein and Logtestijn, 1994) or nitrapyrin 

(Bisson et aI., 1994) applied with urine or urea to inhibit nitrification. However this method can 

only distinguish between the nitrous oxide produced from nitrification or denitrification shortly after 

the application, probably only the first three days. After this time, treated and untreated plots are 

likely to have diverged considerably in their NH/ and N03- concentrations (de Klein and Logtestijn, 

1994). Therefore this method as described can probably not be used to distinguish between 

nitrification and denitrification in long term studies. 

Monaghan and Barraclough (1993) used a 15N soil labelling method under controlled conditions to 

estimate emissions of nitrous oxide via nitrification and denitrification from urine-affected grassland. 

However, this method failed to clarify unambiguously the exact mechanisms for nitrous oxide 

production. Potential problems with the labelling technique were associated with non uniform 

labelling and emissions from unlabelled particulate organic matter. 

The acetylene method, as used in this study which utilises 5 Pa acetylene to block nitrification 

appears to offer many advantages over the other methods and apparently causes no marked 

interferences on other microbial processes in soil (Klemedtsson et aI., 1988a). This method is being 

used increasingly in recent studies to distinguish between nitrous oxide emitted via nitrification and 

denitrification (Kester et aI., 1994). The current application of this method in this study to quantify 

N20 production via nitrification and denitrification from urine-affected areas of intensive grassland 

appears to be the first attempt of this kind. In addition, the combination of the in-field acetylene 

incubation method together with measurements using the soil cover technique, as done in this study, 

again appears to be the first of its kind. 
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Various criteria are used to indicate whether nitrification or denitrification is likely to be the main 

mechanism for nitrous oxide production. These criteria include the amount of nitrate and/or 

ammonium held in soil and the transformations for which these species act as substrates (eg Parton 

et aI., 1988). Additional criteria are the conditions which are believed to support either nitrification 

or denitrification (Bisson et aI., 1994; Velthof and Oenema, 1994). For grassland soils, 

denitrification is usually believed to be the main mechanism under wet, and nitrification under drier 

conditions (Ryden, 1983; Velthof and Oenema, 1994). The N20niiN20conl and N20den/N20cont ratios 

in Figure 7-4 follow a trend similar to the NH/-N and N03--N concentrations in the soil (Figure 

6-8). However, mineral N concentrations can only provide an indication of the mechanism 

responsible for the observed nitrous oxide emissions. What happens to the N20n/N20cont and 

N20den/N20cont ratios if high moisture (high denitrification) and high soil ammonium (high 

nitrification) appear together in the soil? Measurements in this study showed that nitrification rather 

than denitrification may be the dominant source even under conditions which might be expected to 

favour denitrification (Section 7.3, Figure 7-6). Complex interrelations exist among the mineral N 

fractions and conditions such as soil temperature and soil moisture to drive the nitrous oxide 

emissions via nitrification and denitrification. The mechanisms occurring under field conditions are 

not very well understood and it is therefore essential to find a way of quantifying the N20 emissions 

from both sources such as with the acetylene method used in this study. 

The study reported here demonstrates that it is possible to combine actual measurements of nitrous 

oxide via nitrification and denitrification with other factors to obtain simple relationships which may 

be used to calculate N20 emissions arising from nitrification and denitrification in soils where only 

total N20 was measured (Figure 7-3). Average ratios of N20niN20cont during the 19 days of 

experiment two were in the range of 0.4 to 0.54 (Figure 7-1) which are higher than the average 

figure of 0.3 from calculations for experiment one (Table 7-3). However, it has to be remembered 

that during the second field experiment the ammonium concentration, which determined mainly the 

nitrous oxide produced via nitrification, was still reasonably high on the last day of measurement 

(day 19). Clearly, experiment two did not span all possible combinations of factors eg low NH/ and 

high N03-. The relationships found are therefore extrapolated to factor combinations in experiment 

one that were not observed in field experiment two. It has to be stressed that this method still has 

to be validated for factor combinations other than those observed in experiment two. This could be 

done by comparing the extrapolation with measurements during a long term study where all possible 
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factor combinations of soil temperature, soil moisture and soil mineral N are present in urine

affected intensive grassland. 

It is difficult to comment on the validity of the approach described in this chapter because it seems 

that no work of this kind has been done before. The closest to this approach would be the 

mathematical model developed by Mosier and colleagues (Section 2.4.4.) which combines climate 

data with mineral N data to simulate total nitrous oxide production by nitrification and 

denitrification (Mosier et aI., 1983; Mosier and Parton, 1985 and Parton et aI., 1988). However their 

approach did not use actual measurements of N20 via nitrification and denitrification to develop 

their relationships. 

As already mentioned, the fraction of N20 via nitrification and denitrification, as calculated in this 

chapter, is one of the first attempts to quantify the mechanisms for N20 emissions from urine

affected intensive grassland. No comments can be given on the validity of the 30 % estimate of N20 

via nitrification since no independent figures are available for comparison. 

Many studies have used acetylene inhibition to quantify denitrification losses under field conditions 

from soil by using a 0.1 to 10 kPa C2H2 concentration to block the reduction step from N20 to N2 

(IAEA, 1992). However, if nitrification is an important mechanism for N20 production this approach 

may seriously underestimate the total· N20 + N2 production from soil since the N20 from 

nitrification can not be accounted for because C2H2 also blocks nitrification. The total N emissions 

would have been underestimated by 5.8 % (subtracting N20 via nitrification from total N20 + N2, 

Table 7-3) if only the 10 kPa had have been used to assess the total N loss. Large differences in 

total N20 + N2 from this error are reported by de Klein and Logtestijn (1994) who found, depending 

on whether nitrification or denitrification is the source of nitrous oxide production, that the total N20 

+ N2 could change by almost a factor of 2. 

The finding that dinitrogen on a per year basis is approximately 4.3 times higher than nitrous oxide 

in this study agrees with measurements by other researchers. For urea or urine treated grassland 

factors of 3.6 (Ryden, 1983) (Ruz-Jerez et aI., 1994 = 3.7) to 5 (Colbourn, 1992) have been 

reported. The total field N loss of 24.4 kg N ha-I year-I (Table 7-3) is in the range of N losses 

recorded by others for N fertilized intensive grassland. Ruz-Jerez et aI. (1994) found a total 
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denitrification loss of 19.3 kg N ha- 1 year-1 from grassland fertilized with 400 kg N ha- 1 as split 

dressings plus grazing which provided additional urine-N input. Ryden (1983) found a total N loss 

of 29.1 kg N ha- 1 year-1 from an application of 500 kg N ha- 1 as ammonium nitrate applied in four 

split dressings . Of course it has to be remembered that the total N loss obtained from this study 

comes from 4 urine application each of 500 kg N ha- 1
• Nevertheless, as discussed in sections 6.5.2. 

and 6.11 the actual amount of N present in the soil might not be the most important driving 

parameter for gaseous N losses from fertilized grassland. It may well be that the potential for 

gaseous N emissions was quite similar in this study to the other studies quoted above which all had 

various N inputs throughout the whole year of measurement. 

De Klein and Logtestijn (1994) found total N20+N2 losses from urine affected intensive grassland 

of 45 to 105 kg N ha- 1 year-1 which is 2 to 5 times higher than emissions quoted from the study 

reported in this thesis. Estimates of the N losses in their work were based on 14 day incubation 

studies in climate chambers. One reason for the higher estimates by de Klein and Logtestijn (1994) 

may be that their measurements were carried out in spring and summer which are not representative 

of average yearly conditions. In addition, work done by Clough (1994) showed that N20 emissions 

in climate chambers adjusted to field conditions were much higher than emissions from field studies 

under similar conditions. Such an effect may also have occurred in the study of De Klein and 

Logtestijn (1994). The danger of overestimating field emissions by using laboratory incubation needs 

to be considered. 

The relationships between different soil and environmental factors on N20 emissions via nitrification 

and denitrification are complex and can only be fully investigated in an approach which combines 

all relevant factors. This is readily done with a mathematical model such as the one by Parton et 

al. (1988) which combines climate data and mineral N data to predict the combined effect of 

nitrification and denitrification on N20 emissions. Similar work will be presented in the next chapter 

which develops a mechanistic model for nitrous oxide production from urine-affected intensive 

grassland. This model makes use of the nitrous oxide emissions from nitrification and denitrification 

calculated in this chapter. 
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7.6. Summary 

Soil incubations in the field at different acetylene concentrations (0 Pa, 5 Pa and 10 kPa) were 

combined with direct nitrous oxide flux measurements to provide a method for distinguishing nitrous 

oxide from nitrification with that from denitrification as well as dinitrogen from denitrification. 

Nitrous oxide ratios from nitrification and denitrification were regressed against inorganic mineral 

nitrogen fractions at three soil moisture regimes. The same procedure was carried out for dinitrogen: 

nitrous oxide ratios. The relationships obtained were applied to nitrous oxide flux data in the first 

field experiment. This approach indicated that for the first field experiment approximately 30 % (13 

- 57 %) of the nitrous oxide was lost via the nitrification pathway and the rest by denitrification. 

Dinitrogen emissions by denitrification over the whole year averaged 4.3 times the amount from 

nitrous oxide emitted (range: 0.7 to 16 times). 



169 

CHAPTER EIGHT 
8. Mathematical modelling of nitrous oxide and dinitrogen production from urine-affected 

pasture 

8.1. Introduction 

In this chapter mathematical models are described for the diurnal characteristic of the nitrous oxide 

flux and the nitrous oxide flux throughout all seasons of a year from urine-affected intensive 

grassland. Both models were developed from relationships found in experiment two and are founded 

on basic microbiological concepts. The aim was to create models which use only the most essential, 

and easily measured, input parameters. This has the advantage of drawing attention to the most 

important soil and environmental factors influencing nitrous oxide production from soil as well as 

highlighting situations where these factors may be insufficient in describing the observed results. 

Furthermore, this concept provides potential users with an easy-to-apply model which can be created 

and manipulated with any commercially available spreadsheet computer software. 

8.2. Modelling the diurnal nitrous oxide flux characteristic 

8.2.1. Model development 

The model presented here for the -diurnal nitrous oxide characteristic from urine-affected pasture 

makes use of the observations in section 6.4 .. These were that the nitrous oxide flux at different 

times throughout the day is mainly driven by the change in soil temperature occurring in the top 5 

cm of the soil. 

It is well established in microbiology that the activity of nticroorganisms is dependent on the 

temperature of their environment. The Arrhenius equation is commonly used (eg Prosser, 1988) to 

establish the maximum growth rate (Y m) for a particular temperature with: 

Y m = A e(-FJRT) •••••••••••••••••••••••••••••••••••••••••••••••••••..• [8-1] 

where Y m = maximum growth rate, here nitrous oxide production (g N20-N ha- I day-I) 
E = activation energy [J mor l

] 

R = gas constant [J Kl mor l
] {8.314} 

T = temperature [K] 
A = constant 
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For application to nitrous oxide producing organisms the growth rate (Y m) represents the nitrous 

oxide flux for that particular temperature (T). Parameters A and E are obtained by linear regression 

of In(Y m) against 1ff where EIR is the slope of the relationship and In A the intercept with the y-

axis. 

6 .----,-----,-----.------.-----.-----~ 

As an example, data from day 5 

after the start of experiment two 

from the maximum water 

content treatment is shown for 

both young and old pasture 

(Figure 8-1). The data points 

represent flux measurements of 

nitrous oxide and soil 

temperature at 0800, 1200, 1400, 

1600 and 2000 hours local time. 

The underlying assumption of 
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Figure 8-1: Typical plot of In (nitrous oxide) flux against lI(soil 
temperature), maximum moisture content (day 5, experiment 
two). 

may be wrong. Nonlinear plots, (as shown in Figure 8-3 c) are commonly observed when plotting 

growth rates against against 1ff. McMeekin et al. (1988) found that an empirical square root 

function fits the data better. 

The square root relationship is given by: 

..[k = B(T - T min) {1 - exp[C (T - T max)]} .••.•......••.•••••..••........••.. [8-2] 

where k = growth rate, in this case nitrous oxide flux (g N20-N ha-I day-I) 
T = temperature (OC) 
T min' T max = minimum and maximum temperatures for growth (OC) 
Band C = empirical parameters 
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Parameters Band C are obtained by plotting ..[k against temperature (T). For both nitrification and 

denitrification minimum and maximum temperatures were taken as 0 and 50°C respectively 

(Dorland and Beauchamp, 1991; Firestone and Davidson, 1989; Knowles, 1982; Fillery, 1983). 

By combining the square root model with the Arrhenius function it is possible to calculate the 

activation energy for a particular temperature with the equation: 

E = 2RT2/(T - Tmin) •••••••••••••••••••••••••••••••.•••••••••••••••... [8-3] 

where, E = activation energy [J mol-I] 
R = gas constant [J KI mor l

] {8.314} 
T = temperature [0C] 

(see McMeekin et al. (1988) for derivation of this equation) 

To obtain additional information on the daily nitrous oxide flux characteristic the nitrous oxide flux 

due to temperature induced solubility changes in soil water was also calculated as described in 

section 4.5.3.3. (Figure 8-2). The temperature induced solubility changes, which ranged from -0.5 

to 0.5 g N20-N ha- I hour-I, when compared to the observed nitrous oxide fluxes are very low and 

their net contribution on a daily basis is close to zero (Table 8-1). 

The fitted parameters for all plots and all days throughout experiment two for both the Arrhenius 

function and the parameters for the -square root relationship are presented in Appendix E, Table A-6. 

8.2.2. Application of Arrhenius equation for data in experiment two 

The actual daily nitrous oxide fluxes as calculated by the method described in section 4.5.3.3. as 

well as the predicted nitrous oxide fluxes from the Arrhenius and the square root relationship are 

presented in Table 8-1. 
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Table 8·1: Actual nitrous oxide (N20 act) flux and nitrous oxide fluxes fitted with the Arrhenius 
(N20 Arr) and the square root functions (N20 Sqr) and integrated daily solubility change (N20solch) using 
parameters from Table A-6. 

maximum 8y intermediate 8y minimum 8y 

Young p. Old p. Young p. Old p. Young p. Old p. 

8 April = 12 days after start of experiment two 

N2O"ct 
I) 54.63 86.55 53.55 58.18 1.42 1.38 

N20 Arr 
I) 53.39 82.74 51.46 55.78 1.42 1.31 

r N20 Arr 0.790 0.723 0.747 0.641 0.151 0.669 

N20 Sqr 
I) 59.17 97.38 62.16 65.47 1.26 1.49 

r N20 Sqr 0.986 0.694 0.737 0.626 0.141 0.612 

N20soJch 
I) 0.33 0.59 0.44 0.44 0.00 -0.00 

12 April = 5 days after start of experiment two 

N20 act 
I) 106.26 99.24 103.52 83.09 0.84 1.30 

N20 Arr 
I) 103.52 97.18 98.80 79.92 0.59 1.18 

r2 N20 Arr 0.954 0.962 0.957 0.825 0.267 0.112 

N20 Sqr 
I) 120.12 116.42 132.87 91.93 0.89 1.31 

r2 N20 Sqr 0.906 0.877 0.808 0.721 0.203 0.057 

. N20soJch I) 0.44 0.645 0.96 0.62 0.01 0.02 

19 April = 12 days after start of experiment two 

N20 act 
I) 69.47 86.68 76.28 91.21 2.15 2.20 

N20 Arr 
I) 66.66 83.32 73.26 89.02 2.14 2.16 

r2 N 20 Arr 0.635 0.536 0.615 0.626 0.849 0.461 

N20 Sqr 
I) 74.89 93.59 85.48 97.21 2.08 2.25 

r2 N20 Sqr 0.657 0.544 0.633 0.614 0.873 0.525 

N20soJch 
I) 3.21 4.67 3.21 3.14 0.04 0.05 

26 April = 19 days after start of experiment two 

N20 act 
I) 23.26 25.53 25.57 28.04 0.89 2.62 

N20 Arr 
I) 23.00 25.49 25.14 28.17 0.74 2.55 

r2 N 20 Arr 0.716 0.733 0.918 0.688 0.203 0.083 

N20 Sqr 
I) 20.86 25.99 25.94 30.31 0.82 2.04 

r N20 sqr 0.716 0.738 0.926 0.681 0.180 0.079 

N20solch 
I) 0.00 0.02 0.04 0.04 0.01 -0.00 

I) in g NP-N ha-I day-I 
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Results in Table 8-1 show that the Arrhenius function fits the observed data better than the square 

root function. Although the closeness of fit as indicated with the r coefficient is similar for both 

functions, the actual amount of nitrous oxide predicted with the Arrhenius equation is closer to the 

measured values. Therefore it was decided to use the Arrhenius relationship as a model to predict 

the daily nitrous oxide flux. As already mentioned, this relationship can also be justified because 

of its mechanistic basis. 

Activation energies, which are empirically determined quantities, for observations during experiment 

two were calculated from -EIR values in Table A-6 and are presented in Table 8-2. 

Table 8-2: Activation energies (E in kJ morl) calculated from -EIR values in Table A-6 for all 
treatments in experiment two. 

maximum intermediate minimum 
Days after moisture content moisture content moisture content 

start of 
Young p. Old p. Young p. Old p. Young p. Old p. experiment 

1 91 98 103 96 8 64 

5 77 94 110 69 38 18 

12 92 106 115 93 37 43 

19 49 100 92 120 71 12 

mean E 77 100 105 95 38 34 

min E 49 94 92 70 8 12 

maxE 92 106 115 120 71 64 

Activation energies are calculated to be in the range of 8 to 120 kJ mor l (Table 8-2) with lower 

activation energies observed at low soil moisture contents. These values agree well with the 

calculated activation energies for a range of microorganisms (McMeekin et al., 1988) (range 40 to 

330 kJ mor l). They also agree with activation energies reported in the literature for microbial 

denitrification and nitrification (28 to 155 kJ mol-I) (Focht and Verstraete, 1977; McKeeney et al., 

1980b). Furthermore, Conrad et al. (1983) used the Arrhenius relationship to predict the daily 

nitrous oxide characteristic and they found mean activation energies of 61 to 76 kJ mOrl. 
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A typical plot of the actual nitrous oxide flux, the fitted nitrous oxide flux using the Arrhenius 

equation and the calculated solubility change, is provided in Figure 8-2. 

Results in Table 8-1 and 

Figure 8-2 show that the 

diurnal pattern of the 

nitrous oxide flux from 

urine-affected pasture can 

be reasonably well 

described using the 

Arrhenius relationship 

which is in agreement with 

the finding by Conrad et 

al. (1983). Only some 

regression coefficients (r) 

from minimum moisture 

treatments are very low. 

This finding supports the 

explanation given in 

section 6.4. that nitrous 

oxide emissions from the 
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Figure 8·2: Nitrous oxide flux from urine-affected young pasture 
(actual, predicted (Arrhenius) and temperature induced solubility 
change), max 8y (day 5, expt. two). 

activity for a temperature increase of lOoC (QJO = Fpc+woclFpc, where Fpc = nitrous oxide flux at 

temperature T). The procedure described in Granli and B!1Sckman (1994 p. 72). was used to calculate 

QIO values when the temperature differences between nitrous oxide flux measurements were different 

from lOOC. The QIO value for the data in Figure 8-2 was calculated from measured nitrous oxide 
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fluxes at 0800 and 1600 hours. The QIO value without adjustment for temperature induced solubility 

changes of nitrous oxide was 3.26. With adjustment for the solubility changes QIO reduced to 2.56. 

A QIO value of 2.56 is close to 2 which is the value usually observed for biochemical reactions. QIO 

values greatly different from 2 indicate that the observed nitrous oxide fluxes are most likely 

influenced by factors other then temperature on microbial activity. Moreover this observed value 

is well within the range reported in the literature for nitrous oxide emissions (approximately 1 to 

18) (Granli and Bj2)ckman,1994 p. 73). Blackmer et al. (1982) reported that the diurnal nitrous oxide 

emission patterns from fertilized and unfertilized soil were largely due to temperature-induced 

solubility changes of nitrous oxide in soil water. However, that finding could not be confirmed in 

this current study where temperature-induced solubility changes (calculated with equation 4-17.1) 

made only a negligible contribution to the diurnal flux characteristic both in the net contribution 

(Table 8-3) as well as in the emission pattern throughout the day (Figure 8-2). In addition, since the 

calculated QIO value is close to 2 this provides additional support that the observed diurnal nitrous 

oxide changes were due to changes in the microbiological activity. 

Furthermore, the theoretical microbiological flux as indicated in Figure 8-2 by 'Calculated flux -

solubility change' provides at times of a positive solubility contribution a flux almost identical to 

the predicted microbiological flux via the Arrhenius equation. This lends additional support for the 

microbiological origin of the diurnal nitrous oxide characteristic. 

8.2.3. Adjustment of nitrous oxide flux measured during experiment one 

The single daily measurement of nitrous oxide at 1400 hours during experiment one coincides with 

the maximum of the diurnal nitrous oxide emission pattern from soil (Section 5.2.). Clearly this 

single daily value is not representative of the total daily flux but is an overestimate. To gauge how 

much the single measurement overestimates the daily flux the procedure outlined below was carried 

out. 

From results obtained from experiment two the nitrous oxide emitted at 1400 hours (in g N20-N 

ha- I hour-I) was expressed as a ratio of the total daily flux (Section 4.5.3.3.) calculated for each day 

of measurement and each moisture treatment. It was observed that this ratio appeared to be related 

to the soil temperature on that day at 1400 hours. Linear regressions of soil temperature against the 
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percentage nitrous oxide lost at 1400 hours compared with the whole day were performed for all 

moisture treatments. The regression parameters for the young pasture are presented in Table 8-3. 

Table 8-3: Linear regression parameters A and B of soil temperature at 1400 hours against 
percentage nitrous oxide lost at 1400 hours (as percentage of daily integrated flux) from urine 
treated young pasture (experiment two). 

Young pasture 

parameters maximum 8y intermediate 8y minimum 8y 

A 0.9881 -1.8104 9.2040 

B 0.2794 0.5195 -0.1690 

r 0.787 0.577 0.577 

The regression equations (Table 8-3) from the three moisture treatments were applied to the results 

obtained during experiment one when the soil water suction was < 55 cm (maximum 8y ) , 55 - 150 

cm (intermediate 8y ) or > 150 cm (minimum 8y ). In addition, to avoid artificially low percentage 

values throughout the times of the year when the soil temperature was markedly lower than 

throughout experiment two, the lowest percentage value was fixed at 1124 of the daily flux (ie. 

4.17% of total daily flux). 

The application of the technique described above to the results of experiment one is presented in 

Table 8-4. 

Table 8-4: Nitrous oxide measured and adjusted with the regression equations (Table 8-3) and the 
percentage of the adjusted nitrous oxide from the measurement made at 1400 hours (experiment 
one). 

Nitrous oxide 
Season during (g N20-N ha"l) adjusted as % 

experiment one measured adjusted of measured 

Summer 524 415 79 

Autumn 1984 1811 91 

Winter 1073 918 86 

Spring 1381 1010 73 
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Results in Table 8-4 indicate that the nitrous oxide flux measured daily during experiment one at 

1400 hours overestimated actual seasonal fluxes by approximately 9 to 27%. However, the method 

applied for adjustment can only serve as a rough indication. Adjustments made for the warmer 

seasons, which correspond better to the conditions present during experiment two, are most probably 

more realistic than the results for the colder seasons (Autumn and Winter). 

To be able to adjust values measured at one time during the day more accurately, diurnal flux 

measurements would have to be carried out more frequently (eg. once weekly). 

8.3. Modelling annual nitrous oxide fluxes from urine-affected areas 

8.3.1. Interrelationships among soil and environmental factors 

Relationships between nitrous oxide production from urine treated soil and various soil and 

environmental factors were discussed earlier. Soil moisture status, soil temperature and soil inorganic 

nitrogen from the top 5 cm of soil were considered to be the most important factors (Section 6.11.). 

in this section an attempt is made to mathematically describe these interrelationships. 

In order to obtain the shape of the relationship for each of these factors with respect to nitrous oxide 

production, the SSPLINE function provided in Genstat was applied to the data from urine-affected 

areas in experiment one. This function fits a non-parametric cubic smoothing spline function through 

the data which is constructed from segments of cubic polynomials (Genstat 5, 1993). The resulting 

shape of the individual factors on nitrous oxide production is adjusted and optimised to the effects 

of the other factors. In an attempt to linearize the relationships among the three factors to nitrous 

oxide production and to obtain useable mathematical expressions, the fitting process was carried out 

by using lognormally transformed soil suction, total inorganic nitrogen and l/soil temperature, 

against the lognormally transformed nitrous oxide flux. The results of these operations are presented 

in Figure 8-3. 
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a) 

X axis = In(suetion [em]) 

Y axis = In(N20 
[g N20-N ha-I day-I]) 

b) 

X axis = total inorganic 
nitrogen [kg N ha-I]; 

Y axis = In(N20 
[g N20-N-ha-1 day-I]) 

c) 

X axis = lISoil temperature 
[11K] 

Y axis = In(N20 
[g N20-N ha-I day-I]) 
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Figure 8-3: Cubic spline fits of In suction (em) [a], total nitrogen (kg ha-I) [b] and 1Isoil 
temperature (l/K) [e] against In [N20] (g N20-N ha- I day-I) from urine treated areas (experiment 
one). 
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The shape of the resulting relationships show that lognormally transformed suction is nearly linearly 

related to In nitrous oxide flux (Figure 8-3 a». For suction alone a model similar in form to the 

power function for calculating a moisture release curve (Section 4.3.1., equation 4-3) could be used. 

The relationship between In N20 and Iff, which was used in section 8.2. to obtain parameters for 

the Arrhenius function, is seen to be curvilinear with a major change in slope at 15.5-16.5°C (Figure 

8-3 c». This non-linear relationship is in accordance with the findings of McMeekin et al. (1988) 

who explained it as being due to the activation energy changing with temperature. Earlier (Section 

6.11.) a minimum temperature value of approximately 15°C was quoted as being essential for high 

nitrous oxide emissions. This temperature is remarkably similar to the temperature where the change 

in slope for the whole data set occurs. This finding agrees also with the work of Clough (1994) who 

found that a minimum temperature of approximately 15°C appeared to act as a trigger value for 

greatly enhanced nitrous oxide emissions from grazed pastures. 

The relationship between total inorganic nitrogen and In nitrous oxide (Figure 8-3 b» can be 

approximated with a rectangular hyperbola. The asymptotic shape of this relationship would be even 

more obvious if non-Iognormally transformed nitrous oxide data had been used (not shown but 

carried out). The mathematical expression for such an observation in a microbiological context in 

which inorganic nitrogen is the substrate and nitrous oxide flux the concomitant growth rate, is 

approximated by Michaelis-Menten kinetics as described in the next section (8.3.2.). 

The individual effect of each of the three factors, as well as their combination, on the nitrous oxide 

production using the SSPLINE function is indicated by the residual mean deviations from the 

analysis of variance (Table 8-5). 
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Table 8-5: Summary of residual mean deviations from the analysis of variance for the relationships 
of In(suction), total inorganic nitrogen and l/Soil temperature on nitrous oxide production (In(N20)) 
(experiment one) by using the SSPLINE function (Genstat 5, 1993). 

+ In(suction) 
+ l/(soil + l/(soil 

Factors Alone + In(suction) temperature) temperature) 

inorganic 1.337 1.215 1.256 1.038 
nitrogen 

In (suction) 1.462 

I 
l/soil 1.472 

temperature 

The highest dependency (lowest residual mean deviation) of the nitrous oxide flux with individual 

factors is obtained with inorganic nitrogen followed by the soil water suction and soil temperature 

which both had similar effects on the nitrous oxide flux (ie. similar residual mean deviations). 

However, better correlations were obtained by combining the effect of either soil moisture or soil 

temperature with inorganic nitrogen, with the best results being obtained by combining all three 

factors (Table 8-5). 

8.3.2. Model development 

The model which will be developed in this section is based on the results of the cubic spline fitting 

(Figure 8-3) which showed that mainly soil inorganic nitrogen in combination with soil water 

suction and soil temperature had the highest effect on determining the nitrous oxide flux from soil. 

As mentioned in the previous section, the shape of the relationship between inorganic nitrogen and 

nitrous oxide production can be described with a rectangular hyperbola. A shape of this kind is 

described in microbiology as Michaelis-Menten kinetics which combines both zero and first-order 

kinetics. The equation can be represented as: 

y = ~: ~ ~ N' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [8-4] 

where, Y = yield, here actual rate of nitrous oxide production [g N20-N ha- I day-I] 
Y m = maximum yield, here maximum rate of nitrous oxide production [g N20-N ha- I 

day-I] 
a = initial slope of curve [103 day-I] 
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N = substrate, here inorganic nitrogen [kg N ha-'] 

Equation 8-4, which is illustrated in 

Figure 8-4, can also be expressed as: y =10 ................................................................... . 
m 

y= Ym N 
k+N 

. . . . . . . . .. [8-4.1] 

where, k represents the N value 
when Y = Ym/2 

a in equation 8-4 is related to k 
by a = Ym/k 

(Thornley and Johnson, 1990 p. 51-59) 

8 

Parameters: 
Y = 10 m 

:>< 6 
-d' 
~yml2················ 

4 ex = 0.5 

2 
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k Both nitrification and denitrification o 50 100 150 200 250 

are regulated by the availability of the Substrate, N 
Figure 8-4: Illustration of equations 8-4 and 8-4.1, Y m = 

substrate ie. soil ammonium and 10; a = 0.5. 

nitrate respectively. Since water 

soluble carbon was not limiting in soil (Section 6.6.) only a single substrate model for denitrification 

was considered. However, Y m and a values in equation 8-4 are dependent on soil moisture as well 

as soil temperature. 

To begin with, the whole data set obtained during experiment one, including nitrous oxide fluxes 

as well as the soil temperature, soil water suction and inorganic nitrogen all from the top 5 cm of 

soil were pooled together. The whole data set was then divided into temperature classes from 5 to 

25°C in 2.5°C increments along with < 5 and> 25°C. Each temperature class was then subdivided 

into three moisture classes: < 55 cm; 55 - 150 cm and> 150 cm suction (in accordance with 

experiment two). The assumption implicit here is that the Y m and a values within these 30 

temperature-suction classes are constant. 

In order to model nitrous oxide from nitrification and denitrification, Y m and a values within each 

class were estimated using the non-linear curve fitting routine in SigmaPlot version 5.01 (Jandel, 

Scientific). This was done by fitting curves of soil ammonium concentrations and soil nitrate 
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concentrations (N) against the calculated nitrous oxide flux from nitrification and denitrification (Y) 

(see Section 7.3.). 

In addition, the same procedure was used for modelling dinitrogen from denitrification by fitting 

soil nitrate values against the calculated dinitrogen values (Section 7.3.). In this way, it was possible 

to obtain Y m and ex values for this process for all temperature-suction classes. In essence this 

approach created 90 graphs of the form shown in Figure 8-4; 30 graphs for each N gas loss 

mechanism. 

However, to simplify the calculations of daily Y m and ex values during experiment one, polynomial 

regression equations in the form In Y = A + BX + CX2 + DX3 were calculated. Here, X = soil 

temperature and Y is either the Y m or ex value for each of the three moisture classes (parameters see 

Tables A-7 and A-8, Appendix E). 

For each day during experiment one the nitrous oxide produced via nitrification and denitrification 

as well as dinitrogen from denitrification were modelled with equation 8-4 using the appropriate 

calculated Y m and ex values for these 
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Parameters: 
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Figure 8-5: Result of non-linear curve fitting of soil 
ammonium versus N20 nit using equation 8-4 [7.5-10°, <55 
cm, low flux 'wet-dry kinetics']' 

three processes together with the soil 

ammonium (nitrification N20) or soil 

nitrate (denitrification N20 and N2) 

concentrations as substrate. Nitrous 

oxide flux values from nitrification 

and denitrification were then added 

together to obtain the total daily 

nitrous oxide flux. 

A typical example of a result from a 

non-linear curve fit of calculated 

nitrous oxide against soil ammonium 

as well as a typical polynomial 

regression to calculate Y m and ex 

values are illustrated in Figures 8-5 

and 8-6 (for further explanations of 
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'wet-dry kinetics' see page 184). 

While most of the data points in Figure 8-5 show the general trend of increased nitrous oxide with 

increased soil ammonium this trend does not hold for very low soil ammonium concentrations « 

5 kg N ha- I
) where a wide range of nitrous oxide values can be observed. These data can not be 

explained satisfactorily with the model developed here. Similar observations were made for all 

temperature-suction classes. 

Measured and modelled nitrous oxide 

fluxes for experiment one are 

presented in Figure 8-7. The use of the 

whole data set in this study is 

hereafter referred to as 'ordinary 

kinetics' . 

The comparison of total measured and 

modelled nitrous oxide fluxes in 

Figure 8-7 shows that high nitrous 

oxide fluxes throughout experiment 

one were not modelled very welL In 

addition, Figure 8-7 shows that these 

high values were correlated with times 

following rainfall events higher than 

approximately 20 mm. 

6 e 
5 e 
4 e 
3 e 
2 

ts e 
t:: 1 - e 
;...., 
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E e 
>- -1 
t:: e - -2 e 

-3 e 
-4 e 
-5 e 

0 5 10 15 20 25 

Soil temperature (C) 
Figure 8-6: Polynomials for fitting Y m and a for N20 nit, 

low flux from 'wet-dry kinetics' at suction < 55 cm 
[parameters = bold values in Table A-8). 

Many researchers have found that the highest N20 fluxes are commonly observed under fluctuating 

moisture conditions (Firestone and Tiedje, 1979; Smith and Tiedje, 1979; Smith and Patrick, 1983, 

see Section 2.3.1.). Such observations have been explained by the difference in enzyme production 

rates under those conditions and the time it takes to adjust to the new condition. Therefore, it can 

be assumed that the kinetics following a sudden and large soil water potential change is different 

from the kinetics during periods characterised by unchanging soil moisture contents. 
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Following this assumption the 

whole data set (experiment one) 

was separated into two parts 

according to the rainfall events 

and resulting changes In 

moisture conditions. The 

separation criteria were that the 

rainfall event had to be > 20 

mm and caused a change of 

suction in the soil from > 1000 

to < 1000 cm or that a single 

rainfall event > 20 rom caused 

the suction to fall to < 10 cm 

suction (near saturation). These 

criteria were selected after a 

close inspection of the whole 

data set and represent the 

minimum number of 'special' 

conditions to partition the whole 

data set across all seasons. 

Nitrous oxide fluxes for the 10 

days following the onset of such 

an event were separated from 

the rest of the data. The two 

main data groups formed are 

referred to hereafter as 'wet-dry 

kinetics' low and high nitrous 

oxide flux periods. 
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Figure 8-7: Nitrous oxide from urine treated young pasture 
measured and modelled ('ordinary kinetics') and rainfall for the 
days of observation (experiment one). 

Michaelis-Menten parameters (ie. Y m and ex. values) were obtained for these two groups in exactly 

the same way as described previously for the 'ordinary kinetics'. A summary of the regression 
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equations for calculating the parameters Y m and a are presented in Appendix E, Table A-7 for the 

'ordinary kinetics' and in Table A-8 for the 'wet-dry kinetics'. All polynomials had correlation 

coefficients (r) > 0.90. 

An example calculation for nitrous oxide is provided in Appendix F. The input parameters needed 

and the steps to carry out the modelling procedure with appropriate reference to an example 

spreadsheet (on disk) are explained for modelling nitrous oxide fluxes with 'wet-dry kinetics'. 

Partitioning the data set in the way described enabled the modelling of nitrous oxide and dinitrogen 

fluxes in three ways: Firstly using just the 'ordinary kinetics' (Figure 8-7) with no distinction 

between high and low nitrous oxide flux periods, secondly using 'wet-dry kinetics' and therefore 

calculating different parameters for low and high flux periods and thirdly using the parameters 

developed from 'ordinary kinetics' for the low flux periods and for the rest using the parameters 

from the high flux 'wet-dry kinetics'. This last approach is hereafter referred to as 'mixed kinetics'. 

Nitrous oxide results for all three modelling operations are presented in Table 8-6. They include the 

total nitrous oxide flux modelled with the three kinds of parameter settings as well as the separate 

models for nitrous oxide from nitrification and denitrification and dinitrogen from denitrification. 

Statistical parameters provided are the regression coefficient, r2, and the P value from the application 

of a paired t-test between the modelled and the observed or calculated nitrous oxide and dinitrogen 

data (Table 8-6). 

As seen from the results of the pooled data during experiment one the best agreements with 

observations of nitrous oxide flux were obtained with the 'wet-dry kinetics' (r2 of 0.46 and a P value 

of 0.64, Table 8-6). Interestingly, for dinitrogen the best results were obtained with either the 

'ordinary kinetics' or the 'mixed kinetics'. 
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Table 8-6: Results of total, nitrification and denitrification nitrous oxide fluxes as well as dinitrogen 
from denitrification, modelled with 'ordinary kinetics', 'wet-dry kinetics' and 'mixed kinetics' for 
all the data from urine applications (experiment one) P = significance levels applying a paired t-test 
to measured and modelled results. *) in g N20-N ha-' . 

Total N20 N20 nit N20 den N2den 

measured or 
calculated flux *) 4646 1412 3234 19758 

Ordinary Kinetics 
modelled N

2
0 *) 3879 1036 2842 18730 

modelled flux as 
% of measured 83.5 73.4 87.9 94.8 

or calculated flux 

P 0.12 0.15 0.23 0.43 

r 0.069 0.262 0.017 0.352 

Wet-dry Kinetics 
modelled N20 *) 4470 1197 3273 25350 

modelled flux as 
% of measured 96.2 84.8 101.2 128.3 

or calculated flux 
p 0.64 0.24 0.87 0.00 

r 0.461 0.655 0.391 0.352 

Mixed Kinetics 
modelled N

2
0 *) 5612 1715 3897 19739 

modelled as % of 
measured or 120.8 121.5 120.5 99.9 

calculated flux 

P 0.04 0.32 0.02 0.99 

r 0.264 0.265 0.279 0.349 

In accordance with the results obtained in Table 8-6, 'wet-dry kinetics' are recommended for 

modelling the nitrous oxide flux and the 'mixed kinetics' for modelling the dinitrogen flux from 

urine-affected pasture. Parameters for the 'wet-dry kinetics' for nitrous oxide and 'mixed kinetics' 

for dinitrogen are presented in Figure 8-8. During the low flux periods Y m values, which can be 

described as the potential nitrous oxide flux, are below 100 for nitrification and below 50 g N20-N 

ha- ' day-I for denitrification. High flux periods show potential nitrous oxide emissions up to 

approximately 1000 g N20-N ha- ' day-I for both nitrous oxide production pathways. 
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Figure 8-8: Michaelis-Menten parameters (Y m and a) for nitrification and 
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Dinitrogen fluxes (Y m) during the low ('ordinary kinetics') flux periods range up to 200 g N2-N ha- I 

day-I and during the high flux periods ('wet-dry kinetics') up to approximately 2000 g N2-N ha- I 

day-I. Upon comparing the initial slope (ex) for the three processes it is noted that generally, nitrous 

oxide production has a much lower initial slope than dinitrogen which is very steep most of the 

times. During the high N20 flux periods the initial slope is much steeper than during the low flux 

periods. The implication is that the steeper the initial slope the more rapid the response of gaseous 

production to increased inorganic nitrogen. This means that N20 den is more rapidly increasing with 

increased N03--N than N20 nit with increasing NH/-N. 

Figure 8-9 presents the daily total nitrous oxide modelled with the Michaelis-Menten kinetics 

parameters obtained from the 'wet-dry kinetics' for nitrification and denitrification nitrous oxide. 

Figure 8-10 presents the calculated and modelled fluxes of nitrous oxide via nitrification and 

denitrification as well as dinitrogen via denitrification using the parameters of the 'wet-dry kinetics' 

for the nitrous oxide and the 'mixed kinetics' for the dinitrogen fluxes. 

Overall the modelled results presented in Table 8-6 and Figures 8-9 and 8-10 provide a reasonable 

fit to the observed data. Nevertheless, it has to be remembered that the modelled fluxes in Figure 

8-10 are being compared with nitrous oxide fluxes from nitrification and denitrification as well as 

the dinitrogen from denitrification which are themselves calculated values (Section 7.3) and not true 

measurements. Therefore the only real comparison between modelled and observed results can be 

performed with the total nitrous oxide fluxes as presented in Tables 8-6 and Figure 8-9. 
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Figure 8-10: Calculated and modelled nitrous oxide from nitrification 
and denitdfication (,wet-dry kinetics') and dinitrogen ('mixed 
kinetics') from all urine treatments (experiment one). 
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8.3.3. Model validation and comments for further model improvements 

To validate the model further a plot of modelled against measured nitrous oxide is provided in 

Figure 8-11. 

The linear re gression 250 ,-----.------,-----,---,------,-----,---,--------,-----,.-,------, 

presented in Figure 8-11 

for modelled against 

measured total nitrous 

oxide has the form Y = A 

+ BX where X = modelled 

N20 and Y = observed 

N2o. This regression line 

has an intercept A and 

slope B of 0.634 and 0.984 

respectively. These values 

are close to the expected 

values of A = 0 and B = 

1. The regression 

coefficient r has a value 

of 0.461. 
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Figure 8-11: Linear regression of modelled against measured nitrous 
oxide from urine treatments (experiment one) [dotted lines represent 
the 99% confidence interval]. 

between the modelled and observed results, which provides a measure of the lack of the fit, was 

calculated according to Thornley and Johnson (1990 p. 36) by: 

m 

R= L r.2 
i=l I 

with r i = In (L 
Y i 

) 
where R = total sum of squares 

r i = sum of squares for observation i 
Yi = modelled result for observation i 
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Yj = observation i 

The total sum of squares calculated for the modelled data compared with the measured data was 

510. This value expressed as a percentage value of the total observed nitrous oxide (Table 8-6) is 

±11 % which is still in the range of the arithmetically calculated uncertainties (CV(%» for the four 

urine treatments (10 to 38%, Table 5-3). 

The three validation tools: P value from paired t-test (Table 8-6) for the whole data set, the 

regression coefficient obtained by plotting modelled against the observed nitrous oxide and the total 

sum of squares which is in the range of the observed uncertainties of nitrous oxide measurements 

show that the model can serve as a valuable tool for calculating nitrous oxide production from urine

affected pasture over reasonably long periods (season or year). 

In order to investigate if this model which was developed for nitrous oxide emissions of urine

affected areas would possibly work under different conditions the model was used to predict the 

amount of nitrous oxide released form the urine-untreated grassland (experiment one). Although the 

inorganic nitrogen fraction was only determined for a few days over that year and most of the 

nitrous oxide data were interpolated, the model produced an output which was within 11 % of the 

measured data. A total amount observed for 1993 was 266 g N20-N ha-1 (Section 5.3.1.) and 295 

g N20-N ha-1 year- 1 were simulated. This simple illustration may provide evidence that the model 

developed for high N input systems may also work for low N input systems, a feature which is 

expected from a model which works on a mechanistic basis. 

In comparison to other mathematical models for nitrous oxide include nitrous oxide fluxes from 

denitrification and nitrification (Li et al., 1992a; Mosier et .al., 1983; Parton and Mosier, 1985; 

Parton et al., 1988) this is the first model which is based on measurements of nitrous oxide due to 

both nitrification and denitrification. Relationships which determine the fractions of nitrous oxide 

emitted via nitrification and denitrification are not only based on soil temperature, soil moisture and 

inorganic nitrogen data as in the model of Parton et al. (1988), but include actual observations of 

nitrous oxide fluxes from these two sources. The ability of this current model to calculate nitrous 

oxide emissions independently for each day via the two pathways (nitrification and denitrification) 

is most probably its main advantage over the model by Li et al. (1992a). In their model nitrous 
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oxide was either due to nitrification or denitrification and not simultaneously (Section 2.4.4.). 

Observed and modelled emission data are related in the model by Parton et al. (1988) with a 

regression coefficient (r) of 0.86 for urine-amended soil. This represents a much closer agreement 

than the model presented in this chapter. However the somewhat poorer fit in this current model 

may be linked with the larger data set used and the fact that a lot of the data (apart from the N20 

flux) were interpolated. Data used in the model of Parton et al (1988) were all measured. However, 

even with a lower regression coefficient for this model, other model validation tools as presented 

in this section indicate that the model is satisfactory in simulating the observed nitrous oxide 

production. 

However, improvements to the model are particularly necessary for nitrous oxide fluxes at low soil 

inorganic nitrogen concentrations. As seen in Figure 8-5 a large spread in some of the nitrous oxide 

emissions can be observed at low inorganic nitrogen levels which are related to neither the soil 

temperature nor to the water status in the top 5 cm of the soil. To improve the model at low 

inorganic nitrogen concentrations a better understanding is needed of why that spread occurs. 

Possible model improvements could be the incorporation of the 'memory' effect as discussed in 

chapter 6 which is most probably related to biological organism growth dynamics. This hypothesis, 

as well as the effect of soil pH were tested with data from Figure 8-5.Data which correspond to total 

inorganic nitrogen values lower than 6 kg N ha- I from 

Figure 8-5 were used and the assumption made that the 

observed N20 flux is not related to soil moisture, soil 

temperature or inorganic nitrogen. The data originate 

from the pooled data set of experiment one but stem 

mainly from observations after the autumn or winter 

urine applications. As pointed out in sections 6.9. and 

6.11., daily plant N uptake rates during these periods 

were low and created most probably little if any 

competition for microorganism activity. This was 

confirmed by showing that no relationship existed with 

plant N uptake (Figure 8-12). 

20 

~ 

'i;' 15 
"0 

-;" 

" .<: 

~ 10 0 
z<'· 
-::'! ... 
"0 
'K 5 
0 

'" ::I . . g .... z . 
0 ... 10 

0.0 0.2 0.4 0.6 0.8 

Plant N uptake (kg N ha-
J 
da/) 
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on N20 emissions (data from Figure 8-5, 
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Figure 8-13 shows a plot of 'Days after urine application' and 'pH' against the observed nitrous 

flux. 
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Figure 8-13: Days after urine application and pH against nitrous oxide (data from Figure 8-5, 
explanations see text). 

There was an approximate exponential decrease of N20 emissions with time after urine application 

at low inorganic N concentrations (Figure 8-13). Although most denitrifiers in nature are thought 

to exist because they are effective aerobic competitors for C, and many seldom use their denitrifying 

capacity, Tiedje (1988) suggested that selective enrichment of denitrifiers will occur in soils where 

nitrate is available and O2 is limiting. Jacobson and Alexander (1980) showed that it takes 2 - 8 flg 

of nitrate-N to grow 106 denitrifiers. In most natural habitats there would not be enough nitrate to 

support a large active population of denitrifiers if their growth was predominantly due to denitrifying 

respiration. However, the large accumulation of nitrate in. urine patch areas of soil may well 

represent a situation where denitrifier populations would be stimulated. As nitrate concentrations 

decline in the urine patch over time so too would the size and activity of the denitrifier population. 

This may explain why the soil system has a declining ability to emit N20, at low nitrate 

concentrations, in the period 60 - 140 days after urine application (Figure 8-13). This argument can 

also be supported by research on nitrification activity in grassland soils. It was found that nitrifier 

numbers can increase more than 100 fold after urea application to a low fertility fine sandy loam 

under pasture (Robinson, 1963; Steele et aI., 1980). 
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The above discussion suggests that microorganism population growth dynamics might be an 

important additional factor to explain the observed variability in N20 flux which can not be 

explained by soil temperature, soil moisture or inorganic nitrogen concentrations. However further 

investigations are needed to confirm the effect of microorganism growth dynamics and to determine 

the longevity of such a 'memory' or fertilizer effect (Jarvis and Barraclough, 1991). 

The relationship between pH and N20 emissions is not as clear-cut although highest N20 emissions 

can be observed at low pH and vice versa (Figure 8-13). The incorporation of parameters such as 

pH values (Figure 8-13) as well as conditions below 5 cm depth in the soil will almost certainly aid 

in improving the model. Other explanations might include high spatial variability due to 

denitrification "hot-spots" (Section 2.2.1.1.) as related to earthworm activity in soil (Clough, 1994). 

Furthermore, the accuracy of the determination of the different pathways for gaseous N production 

(ie. N20 from nitrification and denitrification as well as dinitrogen from denitrification) are crucial 

for a more accurate determination of the Michaelis-Menten parameters. 

8.4. Summary 

Common microbiological relationships to describe microbiological activity were used to develop two 

mechanistic models for the diurnal nitrous oxide flux characteristics (Arrhenius) and annuaf nitrous 

oxide flux (Michaelis-Menten kinetics) from urine-affected areas. The main findings were: 

• 

• 

• 

• 

• 

Diurnal nitrous oxide flux characteristics can be described with the Arrhenius relationship 
which provides evidence that most of the diurnal nitrous oxide flux change is due to the 
temperature induced changes in microbiological activity. 

The first finding is supported by the fact that the temperature induced solubility changes of 
N20 in soil water contribute only a little to the observe4 nitrous oxide flux. 

The combination of inorganic nitrogen, soil temperature and soil moisture are mainly 
responsible for determining nitrous oxide fluxes. 

Seasonal and annual nitrous oxide fluxes can be approximated with a model based on 
Michaelis-Menten kinetics which combines the effects of inorganic nitrogen, soil temperature 
and soil moisture from the top 5 cm of soil. 

It appears that microbiological activity varies substantially (different kinetic parameters apply) 
for periods of constant soil moisture conditions and after times when a rapid change of the 
soil moisture status occurred. 
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• Nitrous oxide emissions at very low inorganic nitrogen concentrations are related to factors 
other then soil temperature and soil moisture. 

• Microorganism growth dynamics in soil influenced by nitrogen applications might be an 
additional factor which helps to explain the observed variability of N20 emissions at low 
inorganic nitrogen concentrations. 
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CHAPTER NINE 
9. General discussion, conclusions and recommendations for future work 

9.1. Introduction 

This chapter comments on the usefulness of the methods employed for the determination of gas 

fluxes from soil. In addition the findings in Chapters 5 to 8 are linked and placed into the wider 

context of nitrous oxide emissions from New Zealand. The implications of the measured nitrous 

oxide emissions for inventory (Chapter 3) and modelling purposes are discussed. Conclusions of the 

work and recommendations for future research are provided. 

9.2. General comments on N2 gas flux measurements 

The determination of dinitrogen using the 15N method (Section 4.5.2.) cannot be recommended for 

the very low nitrogenous fluxes observed in this study (Section 5.3.4.). The relatively low sensitivity 

of the mass spectrometer precluded determination of N2 fluxes below approximately 200 g N2-N ha-l 

day-l (50atm% 15Nenrichment). It seems that other researchers (eg. Mosier and Parton, 1985) had 

a mass spectrometer system of higher sensitivity (approximately 10 ±1O g N2-N ha-l day-I). 

Therefore, to avoid a possible waste of money and labour it is strongly recommended that this 

method is only used if preliminary studies confirm that the lowest anticipated N2-flux is above the 

sensitivity limit of the mass spectrometer being used. This was attempted in the preliminary 

experiment where the magnitude of the N20 fluxes provided the promise that 15N2 fluxes would be 

easily measurable. As it transpired, however, both the N20 and the N2 fluxes in experiment one were 

considerably lower than those in the preliminary experiment. This result was unanticipated. 

The application of the acetylene inhibition method as detailed in sections 4.5.3. and Chapter 7 

proved to be more successful. Comparisons between the two methods at times of high dinitrogen 

flux showed that results from both methods agreed well (Section 7.3.). The acetylene technique for 

estimating N2 is recommended by other researchers mainly on the basis of its greater sensitivity over 

the 15N method (Ryden and Dawson, 1982). 

An additional advantage of the acetylene method is the inhibition of the nitrification pathway at low 
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C2H2 concentrations. Although the importance of nitrification for nitrous oxide emission is well 

known, only a few estimates of emissions via this pathway are reported (Section 7.5.). 

The study presented here appears to be the first attempt to quantify nitrous oxide emissions from 

urine-affected grassland by both nitrification and denitrification pathways via acetylene inhibition. 

This was done using the soil core technique. These results were combined with measurements made 

using the soil cover technique to obtain 'real' fluxes of nitrous oxide via these two pathways 

(Section 7.5.). From the results of this work it can be concluded that this combined approach can 

make a valuable contribution to the identification of the emission pathways and its wider application 

should lead to a better understanding of the mechanisms involved in nitrous oxide production from 

soil (Section 7.5.). 

However, it has to be pointed out that the relationships derived (Chapter 7) were only based on 

relatively few measurements. In order to better characterise the nitrous oxide emissions via 

nitrification and denitrification, measurements of this kind should be carried out more frequently 

throughout an observation period when total nitrous oxide emissions are quantified. Ideally, for 

experiment one in-field determinations of nitrous oxide from nitrification and denitrification with 

the concomitant acetylene inhibition technique (Section 4.5.3.) should have been carried out weekly 

and would therefore have covered the whole range of soil and environmental conditions. 

9.3. Comments on the determination of the N20 budget for New Zealand 

9.3.1. Revised N20 estimates from intensive pasture 

The estimated nitrous oxide fluxes from urine-unaffected intensive grassland in New Zealand (Table 

3-1) were based mainly on the minimum and maximum nitrous oxide fluxes measured previously 

from intensive grassland in New Zealand. Using the measured values from this current study the 

total nitrous oxide emission from intensive urine-unaffected grassland in New Zealand is reduced 

considerably from 19521 to 3644 tonnes N20-N year-I) (Tables 3-1 and 9-1). However, it remains 

unclear whether the nitrous oxide fluxes measured here can be taken as applying to grassland 

throughout New Zealand. 
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The ploughing of pastures is a very common farming practice in the Canterbury region. However 

no previous study has looked at the effect of ploughing on nitrous oxide emissions. The present 

study has permitted the calculation of the contribution that ploughing makes to the N20 budget for 

Canterbury. This shows that N20 from ploughed areas contributes approximately 1/4 of the total 

N20 produced from intensive grassland in Canterbury (Table 9-2). 

The detailed measurements from urine affected areas on intensive grassland made here has provided 

the most comprehensive data set to date of N20 emissions from any New Zealand agricultural 

system. The accurate estimation of nitrous oxide emissions from grassland is very important for 

New Zealand because urine patches are considered to contribute approximately 9 % in terms of the 

total land area and 16 to 27 % to the overall nitrous oxide budget of New Zealand per year (Table 

3-1). Using the averaged daily nitrous oxide emissions from simulated sheep urine applications' 

expressed on a yearly basis (Tables 5-1 and 5-4), reduces the earlier "best-guess" estimates of 

nitrous oxide emissions from these areas considerably (Table 9-1). The contribution from that source 

reduces to approximately 12 % (11.6 to 12.2%) but still remains a major source contributing to the 

New Zealand nitrous oxide budget. Again, if the direct measurements made during the current study 

were to be considered as representative of urine-affected grassland throughout New Zealand then 

the revised total annual nitrous oxide emission from New Zealand (Table 9-1) is reduced to the 

lower limit of the former estimate (Table 3-1) of approximately 43,000 tonnes N20-N year"l. 

The estimate of the nitrous oxide flux from New Zealand (Table 3-1) was done before 

measurements from intensive grassland were conducted in this current study. By using the measured 

average nitrous oxide emissions from urine affected and unaffected pasture (Tables 5-1, 5-3 and 5-4) 

a revised estimate, presented in Table 9-1 was calculated. The comparison between the initial 

estimate with the revised estimate can provide additional information on the usefulness of the 

approach carried out in Chapter 3 in constructing a nitrous oxide budget. 
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Table 9-1: Estimated N20 emissions from intensive grassland (Table 3-1) and revised estimates by 
using measured N20 fluxes (Tables 5-1, 5-3 and 5-4). 

Urine treated areas 

dairy sheep untreated total New 
Zealand N20 

Estimate of N20 emissions from NZ (Table 3-1) 

N20 flux used (~ N20-N ha-I day-I) 

min avg 8 8 5 

max avg 30 30 10 

Total annual N20 flux (tonnes N20-N year-I) 

min total 2,233 4,659 13,014 43,195 

max total 8,374 17,471 26,027 98,365 

avg total 5,303 11,065 19,521 70,780 

New estimate based on measured N20 emissions (Tables 5-1,5-3,5-4) 

N20 flux used (g N20-N ha-I day-I) 

min avg 9 1.2 0.8 

max avg 9 7.5 2 

Total annual N20 flux (tonnes N20-N year-I) 

min total 2,512 699 2,082 28,582 

max total 2,512 4,368 5,205 58,579 

avg total 2,512 2,533 3,644 43,580 

Using the measured annual nitrous oxide emissions from cow urine, sheep urine and urine

unaffected intensive grassland, and assuming these emissions are characteristic for all regions within 

New Zealand, the original average emission estimates from those ecosystems decrease by 53 %, 77 

% and 81 % respectively. The average total nitrous oxide emission from New Zealand would then 

be reduced by 38% to 43,580 tonnes N20-N year-I (Table 9-1). The 43,580 N20-N expressed as 

CO2 equivalents would equate to approximately 6.6 million tonnes of CO2 (ie. mass of N20-N 

multiplied by 150; the warming potential of N20 relative to CO2), This is equivalent to 

approximately 25 % of New Zealand's net CO2 emission of 26 million tonnes per annum (Wratt et 

aI., 1991). This simple calculation indicates that nitrous oxide emissions contribute significantly to 
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the greenhouse gas emissions from New Zealand. But unlike COz, nitrous oxide also catalyses the 

decomposition of stratospheric ozone. 

The previous (Table 3-3) and recalculated 'corrected anthropogenic' contribution of this NzO flux 

from New Zealand, calculated as outlined in section 3.4.2, would be 19,317 and -7,883 tonnes of 

NzO-N respectively. In other words, nitrous oxide emissions from New Zealand today might by less 

than during pre-European occupancy! Clearly, much better estimates of nitrous oxide fluxes from 

native forests and developed grasslands in other climatic regions within New Zealand are necessary 

before a reliable NzO budget for New Zealand can be constructed. 

Assuming that the NzO measurements made in this study are representative for emissions from the 

climatic region of Canterbury a nitrous oxide budget can be constructed for intensive grassland in 

this area. The total area of cropping land in Canterbury is 750,000 ha of which approximately half 

is under the 2 to 5 year pasture rotation and the other half is under cropping. Assuming that from 

the 375,000 ha of pasture, 125,000 ha are being ploughed each year and the rest is under grassland 

then the nitrous oxide from intensive grassland in Canterbury can be estimated (Table 9-2). It is 

assumed in the calculations that the areas for urine-affected and urine-unaffected areas in Canterbury 

are in the same relation to total intensive grassland as in Table 3-1 for the whole of New Zealand. 

Table 9-2: Estimated nitrous oxide emissions from intensive grassland in Canterbury based on 
measured emissions (Tables 5-1, 5-3 and 5-4). 

Land-use categories Area g NzO-N ha- l day-l tonnes NzO-N year· l 

(ha) 
min max mm max 

dairy pasture, urine-affected 20,143 9 9 66 66 

sheep pasture, urine-affected 42,026 1.2 7.5 18 115 

urine-unaffected grassland 187,831 0.8 2 55 137 

ploughed intensive grassland 125,000 1.3 1.5 59 68 

TOT AL (intensive grassland) 375,000 199 387 

The yearly emissions of 200 to 400 tonnes NzO-N from intensive grassland in Canterbury amounts 

only to approximately 0.7 % of the total nitrous oxide emissions from New Zealand (29,000 to 
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59,000 tonnes N20-N year-I; Table 9-1). This exercise serves to emphasise the fact that it is 

necessary to conduct measurements in other climatic regions and agricultural systems to better 

characterise the total nitrous oxide emissions from New Zealand. 

The Canterbury region has one of the lowest annual rainfall records within New Zealand. 

Consequently nitrous oxide emissions from Canterbury can be regarded as a lower limit to emissions 

from grassland systems within New Zealand. It is most likely that nitrous oxide emissions from 

other pasture and cropping areas such as Southland and Waikato with higher rainfalls (1000 - 5000 

mm) and/or higher soil temperatures provide a much greater potential for nitrous oxide fluxes 

throughout the year. In these climatic regions the times when the three. main factors combine to 

drastically increase the potential for nitrous oxide emissions most probably occur much more 

frequently than in Canterbury. This comment is supported by the work of Clough (1994) who found 

much higher nitrous oxide emissions from grazed pastures in Waikato compared to the fluxes 

determined in this study. 

9.3.2. General comments on the N20 budget calculation 

The large difference between the initial "best-guess" estimate for nitrous oxide production from 

intensive pasture in New Zealand and the revised estimates in the previous section emphasise the 

point that caIc'ulations of this kind should not rely only on a few measurements. However for many 

ecosystems the lack of adequate data leave no better option than the usage of the few available data 

(Mosier, 1994a). 

Ideally, more data sets collected from different agricultural sy,stems in different climatic zones over 

long time periods are needed to provide a better base for accurate estimates of nitrous oxide from 

New Zealand. It is not only, as Mosier (1994a) pointed out, the vast number of agricultural systems 

which have to be considered. Even more important are the great number of climatic zones within 

each agricultural system, each driven by its own unique system of interrelated factors which 

ultimately determine the nitrous oxide emissions. During the study reported here, high flux periods 

initiated by high rainfalls together with reasonably high soil temperature occurred only twice 

throughout the year (May and September). However, in other climatic regions within New Zealand 

such as the examples quoted earlier, these periods may occur much more frequently. It is clear that 
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the simple division into urine affected and unaffected intensive grassland in New Zealand is a gross 

oversimplification. 

To decrease the uncertainty in the estimation of the nitrous oxide burden from New Zealand a more 

detailed approach is needed. The first step is to divide the whole land area into different agricultural 

systems as was done in Table 3-1. However, these systems would have to be further divided into 

climatic subsystems each with a similar potential for nitrous oxide emissions over a year. This 

requires a knowledge of the potential for nitrous oxide production within each subsystem. The 

collection of detailed data sets from each such system would provide the information for better 

estimates. 

9.3.3. Modelling N20 production 

An alternative approach to tackling the enormous task of directly measuring the nitrous oxide 

emissions from the systems outlined in the previous section, is to develop mathematical models 

which take into account the main driving variables and mechanisms responsible for nitrous oxide 

production. The mathematical model developed for nitrous oxide emissions from urine affected 

intensive pasture is based on the calculation of the potential nitrous oxide flux for a certain set of 

factors (Section 8.3.). The best fit with measured data (Table 8-6) is achieved by dividing the whole 

year's data into two kinetic categories according to rainfall and soil moisture status (rainfall higher 

than 20 mm which resulted in a soil moisture change close to saturation; Section 8.3.2.). This 

division into two kinetic categories is done because potential nitrous oxide emissions appear to vary 

greatly between times of constant soil moisture and times following rapid soil moisture changes. 

Williams et al. (1992) commented that no explanation could be given for this burst of nitrous oxide 

after soil wetting. The model developed in this study provides a kinetic explanation for this 

phenomenon. To estimate daily potential nitrous oxide emissions, parameters for the Michaelis

Menten kinetics for both nitrification and denitrification were calculated and subsequently used to 

model the nitrous oxide flux from urine affected areas. 

The use of a simple mechanistic model as described in this work (Section 8.3.) can make an 

important contribution to the estimation of nitrous oxide fluxes as well as the understanding of the 

factors governing its production. The overriding problem with complex models such as the one 
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described by Li et al. (1992a), is that they are much more difficult to apply, compared to this 

current model. In addition, as pointed out by Mosier (1994a), the complex process for nitrous oxide 

production, modelled with a simple mechanistic model, may simplify estimations of nitrous oxide 

emissions. 

It is important to develop mechanistic models which improve our understanding of the system. The 

lack of fit in certain areas of the current model (Section 8.3.) provided information where possible 

future research should be focused. This view is shared by Jarvis (1994) who points out that there 

is a need for more process orientated research which would provide more mechanistic explanations. 

It is apparent from the model developed in section 8.3. that nitrous oxide emissions at very low 

inorganic nitrogen concentrations were not modelled satisfactorily. Therefore, research should target 

in particular the question of why the large variability in nitrous oxide emission occurs at very low 

inorganic nitrogen concentrations. This variability cannot be explained by soil temperature and soil 

moisture conditions. Possible explanations might include the high spatial variability due to 

denitrification occurring in "hot-spots" (Section 2.2.1.1.) which may in turn be related to earthworm 

activity in soils (Clough, 1994). Another explanation might be the microorganism growth dynamics 

under low inorganic nitrogen which may help to explain the observed variability of N20 emissions 

at loy/soil inorganic nitrogen concentrations (Section 8.3.3.). 

Finally, it has to be re-emphasised tha( more comprehensive data sets over longer time periods 

(preferably one year or more) are needed to assist in the development and validation of 'better' 

models. The model development based on the division of the whole data set into two kinetic 

categories with each category subdivided into 30 combined temperature-suction classes (Section 8.3) 

was only possible because the data set was large enough (390 data points) to allow for such a 

division. Due to the high field variability of N20 fluxes both in space and time, only large numbers 

of observations of nitrous oxide fluxes together with measurements of the driving variables, as done 

in this study, can currently elucidate the underlying interrelations for nitrous oxide production and 

refine our understanding of the system. Finally, the use of high frequency tunable lasers instead of 

enclosures has the potential to integrate nitrous oxide fluxes over large areas and therefore reduce 

the large spatial variability (Skiba et aI., 1994). Of course any "high-tech" non-enclosure approach 

would still need to be cross checked against the more traditional chamber method. 
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9.4. Conclusions 

The following conclusions can be drawn from the work reported in this thesis: 

• A simple soil cover technique together with a high precision gas chromatograph is useful in 
determining nitrous oxide fluxes as low as 0.5 g N20-N ha"1 day"l. 

• Measured N20 fluxes from urine-unaffected intensive grassland in CanterburylNZ are within 
the range of 266 - 730 g N20-N ha"l year" I (background emissions). 

• Measured N20 fluxes from simulated ploughing of intensive grassland are at least 2 times 
higher than background emissions. 

• Measured N20 fluxes due to simulated sheep urine applications (500 kg N ha"l) at four times 
throughout 1993 were on an annual basis approximately 1.5 (summer) to 7 (autumn) times 
higher than background emissions. 

• Highest losses as N20-N from the applied simulated urine-N were in the autumn period 
(0.37%) followed by the spring (0.27 %), winter (0.2 %) and summer (0.08 %) applications. 

• Determinations of dinitrogen using the 15N method were only successful at times when fluxes 
were higher than the detection limit of the mass spectrometer, which was 200 g N2-N ha"l 
day"l (50atm% 15N enrichment). 

• Nitrous oxide production from urine affected areas is influenced mainly by a combination of 
soil moisture, soil temperature and soil inorganic nitrogen with 80 % of the total nitrous oxide 
lost from urine affected areas occurring at soil water suction values lower than 150 cm of 
water. 

• In-field determination of nitrous oxide emitted via nitrification and denitrification as well as 
dinitrogen from denitrification can be done successfully by incubating soil cores at 0 Pa, 5 Pa 
and 10 kPa C2H2 and relating the relative emissions obtained to nitrous oxide emissions 
measured by using a soil cover technique. 

• Applying the results obtained from the acetylene inhibition technique together with the 
relationships to inorganic nitrogen and soil moisture status enabled the calculation of nitrous 
oxide emitted via nitrification and denitrification as well as dinitrogen from urine affected 
areas for a data set where only total nitrous oxide was measured. 

• The calculated average proportion of nitrous oxide due to nitrification for the four urine 
applications was 30 % (range 13 % (summer) to 57 % (spring)) the rest being due to 
denitrification. 

• The calculated annual dinitrogen flux by denitrification for the four urine applications were 
on average over the year (1993) 4.3 times (range 0.74 times (winter) to 16.5 times (summer)) 
higher compared to the nitrous oxide emissions from urine affected grassland. 
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• Diurnal variability in nitrous oxide emissions from urine affected grassland is consistent with 
temperature induced activity changes of microorganisms. Temperature induced N20 solubility 
changes in soil water had only a minor contribution to the overall diurnal flux pattern. 

• Nitrous oxide emissions from urine affected intensive grassland can be approximated with a 
mechanistic model based on Michaelis-Menten kinetics. Estimates for nitrous oxide via 
nitrification and denitrification are obtained. The main driving variables are soil inorganic 
nitrogen (NH4 + and N03·), soil water suction, soil temperature and rainfall. 

• Large data sets from a range of ecosystems and climatic conditions are needed for further 
model development and validation and for reducing the uncertainty in the estimate of 
anthropogenic nitrous oxide emissions for the whole of New Zealand. 

9.5. Recommendations for future research 

In the light of the results obtained from the study described in this thesis the following 

recommendations for future research in the area of soil derived nitrous oxide emissions can be 

gIven: 

• In-field acetylene inhibitions should be carried out frequently during periods when total nitrous 
oxide fluxes are measured to better characterise the contribution of the main mechanisms 
(nitrification and denitrification) to nitrous oxide production from soil. 

• Collection of large data sets from a variety of ecosystems and climatic conditions are essential 
to develop and validate more accurate mathematical models and to improve estimates for 
whole countries. For New Zealand, investigations should focus on nitrous oxide production 
from grassland under climatic conditions distinctively different from those in Canterbury and 
on native forest soils. 

• Further investigations are needed which address the question of the large nitrous oxide flux 
variability at very low inorganic nitrogen concentrations. This variability is related to factors 
other than soil temperature and soil moisture. 

• Studies of soil microbial popUlation dynamics might improve the understanding of processes 
responsible for spatial and temporal variability of nitrous oxide emissions from soil. 
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Appendix A - Nitrous oxide data 

Table A-I(a): Emission of nitrous oxide from unfertilized arable land. 

System Flux (g N20-N ha-lday~l) Reference and Comments 

Max. Min. Mean 

cropped, wet 900 Rolston et al. 1978 

uncropped, near saturated 400 Rolston et al. 1978 

corn, soybean 1970 340 1200 Bremner et aI., 1980b 

corn, irrigated 550 0.3 Hutchinson and Mosier, 1979 

subtropical (Spain) cultivated land, sL 3.6 Slemr et aI., 1984 



Table A-l(b): Emission of nitrous oxide from temperate forest. 

System Flux (g N20-N ha·1day·l) Reference 

Max. Min. Mean 

coniferous forest (at ice thaw) Goodroad and Keeney, 1984a 

2411 33 

31/3 102 

10/4 14 

temperate coniferous forest 6.7 Goodroad and Keeney, 1984b 

temperate deciduous forest 1.3 

temperate deciduous forest 55 Tietema et al., 1991 

deciduous forest (other measurements) 5.8 0.3 3.0 IN Tietema et al., 1991 

temperate deciduous forest 2.6 0.7 Schmidt et al., 1988 

temperate mixed forest (aeolean san~) 3.1 0;5 0.6 Seiler and Conrad, 1981 



Table A-1(c): Emission of nitrous oxide from tropical forest. 

System Flux (g N20-N hao1dayol) Reference 

Max. Min. Mean 

clearcut 25 Keller et al., 1986 

estimate following burning 55 Crutzen et al., 1985 

tropical deciduous forest (Mexico) Garcia-Mendez et aI., 1991 
- wet season 6.0 1.2 
- dry season 0.7 

Oxisol (undisturbed) 7.1 Keller et aI., 1991 

Oxisol (secondary forest) 6.0 

Hawaii, volcanic ash soil, 2200-4500 mm precip 0.3 0 Matson and Vitousek, 1987 

Costa Rica, alluvial soil, 4200 mm precip. 40 3.8 

Costa Rica, residual basalt, 4200 mm precip. 15 4.3 

Amazonia, oxisols, 1770 mm precip. 5.5 2.6 

Amazonia, Psamment, 1770 mm precip. 5.5 2.4 

Costa Rica, Andept, 2700 mm precip. 6.2 

Amazonia, oxisols, secondary forest 8.7 Keller et al., 1988 



Table A-I(d): Emission of nitrous oxide from natural grassland. 

System Flux (g N20-N ha·1day-l) Reference 

Max. Min. Mean 

tropical pasture Goreau and de Mello, 1987 

- wet season 0.4 

- dry season 0.8 

3 year old pasture 16 Luizao et ai., 1989 

tropical dry savanna (Venezuala) sandy loam 1.1 Hao et ai., 1988 

tropical savanna, watered, sandy loam 3.8 
i 

burned tall grass 0.5 Goodroad and Keeney, 1984b 

unburned tall grass 0.6 

prairie 0.8 0 Cates and Keeney, 1987 

short grass prairie, fine sandy loam 8 0 2.3 Mosier et ai., 1981 
(10 kg N/halyear natural nitrogen input) 

sagebrush, steppe (2.8% of 7.5 kg N/halyear natural N 0.6 Matson et al., 1991 
input) 



Table A-I(e): Emission of nitrous oxide from improved unfertilized grassland. 

System Flux (g N20-N ha·1day-l) Reference 

Max. Min. Mean 

grass sward, fine sandy loam 25 6.0 Denmead et al., 1979 

organic soil, St. Augustine grass 4600 155 Duxbury et al., 198. 

organic soil, drained and cultivated, grass 265 Terry et al., 1981 

grassland 3.0 -1.0 Minami, 1987 

grassland, loam 0.8 Cates and Keeney, 1987a 

ryegrass, sandy loam over clay loam 16 0.6 Egginton and Smith, 1986 

ryegrass, clay loam 3.6 Breitenbeck et al., 1980 

permanent grass, sandy loam 14 5 Christensen, 1983 

ryegrass sward 8 1 Burford and Hail, 1977 

sward, silt loam 10 1 Colbourn, 1992 

grassland, loess loam 0.6 0.1 

meadow, loess 5.3 
Seiler and Conrad, 1981 

lawn, subtropical, loamy sand 0.2 Slemr et al., 1984 



Table A-l(f): Emission of nitrous oxide from marshland. 

System Flux (g N20-N ha-1day·l) Reference 

Max. Min. Mean 

marsh, drained 15.6 Goodroad and Keeney, 1984b 

marsh, undrained 0.17 Goodroad and Keeney, 1984b 

wet meadow 7.34 Goodroad and Keeney, 1983 

Marsh, undrained 1.23 Smith et al., 1983 



Table A-2(a): Emission of nitrous oxide from fertilized arable land. 

System Fertilizer Rate Flux (g N20-N ha-1day-l) Loss Reference 

(kg N ha-1) Max. Min. Mean (%) 

loam 100 280 

sandy loam 100 90 
Burford and Stefanson, 1973 

uncropped, loam Ca(N03)2 300 5.8 1.6 

uncropped, loam Ca(N03)2 300 26.3 14.8 
Rolston et aI., 1978 

loam, irrigated: - artichoke 176 64 Ryden and Lund, 1980 
- celery 336 81 
- cauliflower 528 76 

clay, corn 200 6.85 Mosier and Hutchinson, 1981 

celery, irrigated 335 21.0 

celery 311 185 226 
Ryden et ai., 1978 

agricultural land routinely 3.8 0.5 

mixed forest, aeolian sand NH/,N03- 100 10.3 
Seiler and Conrad, 1981 

agricultural land, Wiscon. N. fert. 33.4 1.4 Goodroad and Keeney, 1984c 

Clay, direct drilled NH4N03 70 14.8 
NH4N03 140 23.6 

clay, ploughed NH4N03 70 2.5 
Burford et aI., 1981 

NH4N03 140 15.3 



Table A-2(a): Emission of nitrous oxide from fertilized arable land (continued ... ) 

System Fertilizer Rate Flux (g N20-N hao1dayol) Loss Reference 

(kg N hao1
) Max. Min. Mean (%) 

loamy soil, maize N+U 237 14 2 Cates and Keeney, 1987b 

NH4N03 181 10 

fine sandy loam, beans 0 4.7 0 Shepherd et aI., 1991 

(measured on bare soil) NH4N03 100 34 0 5.3 

loam, corn 0 80 12 14 Bremner et aI., 1981 a 

anhd. NH3 250 141 87 112 6.8 

clay loam, bare soil (NH4hS04 125 2.4 0.2 

(NH4hS04 250 2.9 0.1 

clay loam, bare soil Ca(N03h 125 0.6 0.04 

Ca(N03)2 250 0.3 0.01 Breitenbeck et aI., 1980 

clay loam, bare soil urea 125 1.8 0.14 

urea 250 3.0 0.12 

calcareous sandy loam 0 3.4 

(irrigated barley) NH4N03 56 5.9 0.7 

NH4N03 112 6.7 0.4 

NH4N03 224 9.2 0.4 

calcareous sandy loam 0 5.3 Mosier et al., 1982 

(irrigated barley) sewage 287 6.8 0.8 

sludge 1436 27 1.0 



Table A-2(a): Emission of nitrous oxide from fertilized arable land (continued ... ) 

System Fertilizer Rate Flux (g N20-N ha·1day·l) Loss Reference 

(kg N ha-1
) Max. Min. Mean (%) 

continuous corn 20 11 Findlay and McKenney, 1979 

corn in rotation with alfalfa 84 

corn, sandy loam NH4N03 196 1.2 Anderson and Levine, 1987 

corn, sandy loam 0 1.9 0.7 1.2 McKenney and Wade, 1978 

NH4N03 112 3.2 1.3 1.9 

NH4N03 224 141 87 2.8 

NH4N03 336 26.4 1.7 11 

(NH4)2S04 250 2.9 0.1 

silt loam, pH 5.8 waste H2O 10+ 4.1 0.3 Smith et aI., 1981 

waste H2O 4r 41 0.6 

silt loam, pH 7.1 waste H2O 10+ 1.6 1.0 Smith et aI., 1981 

waste H2O 4r 70 0.9 

silt loam, 3 application times at thaw Goodroad and Keeney, 1984a 

- 2/4/80 (Northern hemisphere) manure 330 152 

- 10/4/80 manure 330 143 

- 17/4/80 manure 330 52 

corn, silt loam manure 130 2'2 8.3 Duxbury et aI., 1982 

NH4N03 130 36 6.1 

+ waste water nitrogen concentration (mg L·1
) 



Table A-2(b): Emission of nitrous oxide from improved fertilized grassland. 

System Fertilizer Rate Flux (g N20-N ha-1day-l) Loss Reference 

(kg N ha- I
) Max. Min. Mean (%) 

prairie, fine sandy loam nat. dep. 10 2.3 10 Mosier et aI., 1981 

urea 450 6.9 0.6 

steppe nat. dep. 6 0.3 3-9 Parton et al., 1988 

urea 450 3.9 0.5 1.6 

ryegrass, chalky loam 0 8.0 Burford and Hall, 1977 

50 20 0.1 

ryegrass, loam NH4N03 250 9.6 Ryden, 1983 

NH4N03 500 22 

grass, unfertilized 3.0 -1.0 Minami, 1987 

grass, fertilized ca. 100 596 86 

ryegrass NH4N03 250 212 9.0 1.3 Ryden, 1981 

grassland, sandy loam 0 5.8 Christensen, 1983 

NH4N03 100 45 

manure ca. 250 500 

ryegrass, sandy loam Ca(N03)2 250 31 7.1 Egginton and Smith, 1986 

over clay loam Ca(N03)2 250 1.4 5.5 

silt loam 400 16 11 Webster and Dowdell, 1982 

clay loam 400 22 16 

nat. dep. = natural deposition. 



Table A-2(b): Emission of nitrous oxide from improved fertilized grassland (continued ..... ) 

System Fertilizer Rate Flux (g N20-N ha-1day-l) Loss Reference 

(kg N ha-1
) Max. Min. Mean (0/0) 

ryegrass, loam Ca(N03)2 300 12 4.9 Rolston et ai., 1978 

grassland, heavy clay NH4N03 210 1.6 Colbourn et ai., 1982 

grassland, loess, loam NH/, N03- 100 10 Seiler and Conrad, 1981 

meadow, loess NH/, N03- 100 5.3 Seiler and Conrad, 1981 

grassland, height = 60 cm cow urine ca. 500 630 Monaghan, 1991 

grassland, height = 30 cm cow urine ca~ 500 1097 3 

cow urine ca. 1170 920 



Table A-2(c): Emission of nitrous oxide from organic and tropical forest soils 

System Fertilizer Rate Flux (g N20-N hao1dayol) Loss Reference 

(kg N hao1
) Max. Min. Mean (%) 

Organic soil Duxbury et al., 1982 

- onions NH4N03 170 4500 215 

- sweet corn NH4N03 170 2900 312 

- sugarcane 0 3100 67 

- augustine grass 0 4600 155 

- fallow 0 4500 307 

Organic soil Terry et al., 1981 

- fallow 4500 4.0 450 

- grass 265 

- sugarcane 133 

Tropical forest soils Keller et aI., 1988 

- oxisol, amazonia NH+ 
4 200 44 

N0
3

° 200 284 0.5 

PO 3
0 

4 200 13 



Table A-3: Nitrous oxide emission measurements from New Zealand. 

System Fertilizer Rate Flux (g N20-N ha-1day-l) Loss Reference 

(kg N ha-1) Max. Min. Mean (%) 

ryegrass-clover, silt loam ? 74 Limmer et ai., 1982 

ryegrass-clover, silt loam N-fixation 120 11 5.5 Sherlock, 1984 

(Lincoln) sheep urine 600 3.7 <0.5 Sherlock and Goh, 1983 

urea 600 2.8 (lab. experiments) 

(NH4)2S04 600 1.1 

N-fixation ? 0.9 

ryegrass-clover (Palm. North) high fertility 6.9 4.9 Carran, 1991 

pasture, sandy loam waste water 1200 66 Russell et al., 1991 

forest, sandy loam waste water 715 293 

grass-clover, sandy loam N-fixation 147 3.6 1 Ruz-Jerez, 1991 

herbal-ley, sandy loam N-fixation 167 3.6 1 

grass (+N 400) ? 416 14 1 
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Appendix B - Lincoln climate data 1881 - 1993 

Table A-4: Monthly averages of maximum, minimum and mean air temperatures and the total 
rainfall from 1881 to 1993 (112 years) (Lincoln University climate station, 1881 - 1993). 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

average maximum air temperature 

max 112 y. 26.3 26.0 23.1 22.0 16.3 13.7 13.1 14.5 21.0 20.7 22.7 24.9 18.7 

min 112 y. 18.9 18.7 17.5 14.3 10.2 8.1 7.5 7.6 10.6 14.0 15.1 16.9 15.1 

avg 112 y. 22.2 21.8 20.0 17.3 13.8 11.2 10.4 11.8 14.4 17.1 19.0 20.7 16.6 

1993 21.0 20.3 18.2 15.4 13.7 13.2 11.4 11.3 12.9 18.7 16.0 17.7 15.8 

average minimum air temperature 

max 112 y. 13.8 13.7 12.7 11.1 6.6 4.9 3.5 4.9 7.2 9.9 11.3 13.0 7.6 

min 112 y. 6.6 8.1 6.1 3.3 1.8 ·1.0 -2.9 -0.4 1.4 3.1 3.8 6.6 4.9 

avg 112 y. 10.8 10.9 9.5 6.8 3.9 1.7 1.3 2.3 4.2 6.2 7.7 9.6 6.2 

1993 10.1 10.1 8.4 6.3 4.2 3.4 0.7 0.6 4.0 6.9 6.4 9.2 5.9 

average mean air temperature 

maxl12y. 19.4 18.7 17.0 15.9 11.2 8.6 7.7 9.4 13.1 14.4 16.4 18.5 12.8 

min 112 y. 13.9 13.4 12.7 9.8 6.0 4.4 2.4 4.8 6.8 8.8 9.1 12.3 10.1 

avg 112 y. 16.5 16.3 14.8 12.0 8.9 6.4 5.8 7.1 9.3 11.6 13.3 15.2 11.4 

1993 15.6 15.2 13.3 10.9 9.0 8.3 6.1 6.0 8.5 12.8 11.2 13.5 10.9 

total rainfall (mm) 

maxl12y. 139.0 233.0 279.0 204.0 197.0 199.0 209.0 236.0 142.0 133.0 150.0 192.0 986.0 

min 112 y. 7.0 0.0 5.0 7.0 8.0 4.0 4.0 8.0 1.0 3.0 9.0 3.0 308.0 

avg 112 y. 53.7 46.8 57.2 52.3 62.6 60.7 66.0 56.1 46.2 45.9 52.3 57.0 656.0 

1993 52.0 37.0 53.0 60.0 78.0 39.0 12.0 14.0 112.0 8.0 76.0 100.0 639.0 
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Appendix C - Particle size analysis 

Particle size distributions for the two soils (young pasture, 0-15 cm depth and old pasture, O-Scm 

depth) were determined using the method described in Grewal (1991). 

Calculations for the total oven-dry mass and the percentages of particle sizes (P) >63/lm, 63 - 20 

/lm, 20 - 2 /lm and < 2 /lm diameter were calculated with the following formulae: 

Total oven-dry mass of sample Mtot(all values in g): 

with 
M>63flm = M>63fl m(from sieve) [g] 
M<63flm = M<2oflm + M<2flm + Mcy1 - Mdisp [g] 

where M<20flm = Mass in pipette after 2:8 [rnin:sec] [g] 
M<2flm = Mass in pipette after 3:48:8 [hours:rnin:sec] [g] 
Mcy1 = Mass in cylinder at the end [g] 
Mdisp = Mass of dispersion agent added [g] 

Percentages of the different particle sizes (values in %): 

[A-l] 

P>63flm = 100IMtot M>63flm ............................................. [A-2.1] 

P63-20flm = 100-(P>2mm+P2mm-63flm+P2o-2flm+P<2Ilm) ............................. ;. [A-2.2] 

P<2flm = 100IMtot {[M<2flm - (MdiS!Vlol Vpip)]Npip VIOl} ......................... [A-2.4] 

where VIOl = Volume of cylinder 
Vpip = pipette volume 
P = percentages of particles with the size indicated [%] 

The results of the particle-size analysis are summarized in Table A-S. 



Appendix 245 

Table A-5: Results for the particle size analysis of Templeton silt loam under young (0-15 cm) 
and old (0-5 cm) pasture (Values represent means of three replicate assays with standard errors 
in brackets). 

% of each particle size range 

Particle size in Young pasture Old pasture Templeton silt loam 
11m (0-15 cm) (0-5 cm) (0-7.5cm) 1) 

>63 19.0( 1.3) 25.0(1.1) 

63 - 20 39.8(3.8) 46.5(3.1) 
46 

20 - 2 20.6(1.3) 14.2(1.0) 30 

<2 19.4(1.0) 18.5(1.0) 24 

I) Soil Bureau (1968) 

The soils used for the experiments are both classified as Templeton silt loam. This soil type is 

described as a free draining soil which is developed on fine greywacke alluvium laid down by 

flood waters of the Waimakariri River (Cox, 1978). 

The topsoil extends to about 25 cm depth for both sites. 
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Appendix D - Hydraulic conductivity 

The unsaturated hydraulic conductivity was calculated with the Jackson method (Hillel, 1981). In 

this method the volumetric moisture range is divided into several classes with the same water 

content increment and the soil water suction corresponding to the mid point of each increment is 

read from the moisture release curve (Figure 4-3). The unsaturated hydraulic conductivity is 

computed using the equation: 

where, K j 

8j 

Ks 
8s 

\}'j 

n 

L [(2j + 1 - 2i)\}'.-2] 
. . J 
J=I 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [A-3] 
n 

L [(2j - 1)\}'/] 
j=1 

= hydraulic conductivity [m S-I] 

= Volumetric water content at K j [cm3 cm-3
] 

= saturated hydraulic conductivity [m S-I] 

= saturated Volumetric water content [cm3 cm-3
] 

= suction at mid point of each class [cm] 
i andj 
c 

. = summation indices [-] 
= arbitrary constant (usually = 1; range 0 to 1.33) [-] 

This method uses the saturated hydraulic conductivity as the starting point of the calculation. 

Saturated hydraulic conductivity was determined in the field using the double ring infiltrometer 

method (Reynolds, 1993). Water was applied to the soil at a rate sufficient to saturate the soil. 

The area was confined by two rings (an inner: 20 cm diameter and outer ring: 40 cm diameter) 

which were inserted (1 cm) into the soil. To avoid soil structure changes the soil surface was 

protected by a thin layer of gravel. At saturated conditions in soil, the hydraulic conductivity (K) 

equals the infiltration (F) because the movement of water· down the profile is only due to gravity 

and therefore the soil water suction gradient is one. In other words Darcy's law, which is given 

by F = K dS/dx, reduces at saturated conditions to F = K (F = Infiltration rate; K = hydraulic 

conductivity, S = Suction, x = depth). The infiltration measurement is done in the inner ring 

where vertical water flow is assumed. The mean saturated hydraulic conductivity calculated via 

this method for the young pasture soil from two such observations was 4.03 x 10-5 m S-I. 

Plotting volumetric water content against the hydraulic conductivity calculated by the Jackson 
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method (where both volumetric water content and hydraulic conductivity are lognormally 

transformed) yields a straight line of the form: 

247 

In KJ = A + B In e ................................................. [A-4] 

where KJ = unsaturated hydraulic conductivity (Jackson method) [m sol] 
e = volumetric water content [cm3 cm-3

] 

A and B = constants [-] 

A and B for the soil under young pasture were calculated to be: 

0- 5 cm 
5 - 10 cm 

A B 
0.949 20.379 
3.885 20.661 

10 - 15 cm 2.817 18.629 
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Appendix E - Parameters for the N20 model 

Table A-6: Fit parameters for the Arrhenius equation and the square root function for data from 
experiment two. 

maximum 8v intermediate 8v minimum 8 v 

Young p. Old p. Young p. Old p. Young p. Old p. 

8 April - 1 day after start of experiment two 

Arrhenius equation 

InA 42.12 45.35 47.00 44.19 3.66 26.96 

-EIR -10973.0 -11787.8 -12405.0 -11570.0 -951.9 -7727.7 

Square root function 

B 195.02 217.37 195.41 197.87 77.63 70.91 

C 7.79xlO-5 8.83xlO-5 7.86xlO-5 7.95xlO-5 2.77xlO-5 3.20xlO-5 

12 April - 5 days after start of experiment two 

Arrhenius equation 

InA 36.49 43.71 50.31 33.45 15.30 7.65 

-EIR -9201.68 -11303.8 -13232.6 -8397.47 -4580.16 -2171.01 

Square root function 

B 231.70 228.00 229.36 206.92 68.71 74.33 

C 9.08xlO-5 9.03xlO-5 9.55xlO-5 8.80xlO-5 2.60xlO-5 2.81xlO-5 

19 April - 12 days after start of experiment two 

Arrhenius equation 

InA 42.85 48.76 52.49 43.53 16.15 18.53 

-EIR -11111.3 -12743.4 -13870.1 -11223.6 -4432.8 -5139.2 

Square root function 

B 213.09 224.05 216.68 223.48 86.46 86.15 

C 8.04xlO-5 8.52xlO-5 8.34xlO-5 8.66xlO-5 3.23xlO-5 3.21xlO-5 

26 April - 19 days after start of experiment two 

Arrhenius equation 

InA 24.02 45.86 42.29 54.43 29.90 5.85 

-EIR -5916.8 -12063.9 -11083.6 -14475.4 -8555.6 -1395.2 

Square root function 

B 176.03 187.34 183.76 192.61 84.08 103.16 

C 6.43xlO-5 6.84xlO-5 6.72xlO-5 7.07xlO-5 2.70xlO-5 3.20xlO-5 
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Table A-7: Summary of polynomial regression parameters for calculating Y m and a values from 
soil temperature for the Michaelis-Menten function assuming 'ordinary kinetics' for three 
moisture levels on young pasture (experiment one). 

Y m values, at suction (cm) a values, at suction (cm) 

Parameters < 55 55 - 150 > 150 < 55 55 - 150 > 150 

Ordinary Kinetics for N20 nil 

A= 9.1214 2.5433 -13.5930 -8.7186 -5.2982 2.0270 

B= -1.6546 0.1447 1.7460 1.5156 0.2366 -0.7132 

c= 0.0882 - -0.0395 -0.0621 - 0.0181 

Ordinary Kinetics for N20 den 

A= -12.0288 -2.6731 4.8619 -3.3264 -6.4129 -0.9291 

B= 2.4595 0.6882 -0.2483 0.4904 1.0750 0.0287 

c= -0.0812 -0.0203 0.0047 -0.0204 -0.0338 0.0023 

Ordinary Kinetics for N2den 

A= -1.6725 6.4192 4.7575 -2.4657 -4.0168 -0.5186 

B= 0.5619 -0.6550 0.0430 0.6706 0.8871 0.2661 

c= -0.0099 0.0309 -0.0015 -0.0210 -0.0305 -0.0060 
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Table A-8: Summary of polynomial regression parameters for calculating Y m and a values from 
soil temperature for the Michaelis-Menten function assuming 'wet-dry kinetics'(high and low 
flux periods) for three moisture levels, young pasture (experiment one). 

Y m values, at suction (cm) a values, at suction (cm) 

Parameters < 55 55 - 150 > 150 < 55 55 - 150 > 150 

Wet-dry Kinetics, high flux period for N20 nit 

A= 23.5215 6.6500 5.2983 14.8011 -15.2130 0.9904 

B= -3.3979 -0.2895 - -2.6305 2.0739 -0.2179 

c= 0.2080 0.0250 - 0.1312 -0.1265 -

D= -0.0040 -0.0005 - -0.0019 0.0028 -

Wet-dry Kinetics, high flux period for N20 den 

A= 6.0085 4.6210 1.9366 18.8274 0.5255 3.6749 

B= -0.4966 0.2272 0.1674 -3.2208 0.0284 -0.1883 

c= 0.0552 -0.0077 - 0.1783 -0.0043 -

D= -0.0014 0.0001 - -0.0031 - -

Wet':dry Kinetics, high flux period for N2den 

A= 7.1996 6.5619 6.3532 32.2898 -2.4788 2.6497 

B= -0.1082 0.0582 0.0555 -6.7728 0.2927 -0.0157 

c= 0.0110 -0.0006 - 0.4398 -0.0044 -

D= -0.0002 - - -0.0088 - -

Wet-dry Kinetics, low flux period for N20 nit 

A= 0.2207 -2.9198 0.7715 -2.4841 3.5674 -1.1133 

B= 0.4297 1.0710 0.3181 0.0435 -1.5305 -0.3835 

c= -0.0103 -0.0398 -0.0063 -0.0083 0.0689 0.0085 

Wet-dry Kinetics, low flux period for N20 den 

A= 0.8360 3.6947 1.0754 -1.2169 -0.2210 3.6315 

B= 0.3211 -0.2822 0.1290 -0.0760 -0.1150 -0.3329 

c= -0.0064 0.0220 -0.0021 . 0.0059 0.0004 0.0051 

Wet-dry Kinetics, low flux period for N 2den 

A= 8.9238 -6.3619 3.7336 0.4991 -13.6181 -4.1100 

B= -0.8301 4.1392 0.4690 -0.0677 6.1144 1.0404 

c= 0.0298 -0.5109 -0.0249 -0.0160 -0.7958 -0.0532 

D= - 0.0188 0.0004 - 0.0295 0.0008 
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Appendix F - Example of N20 model calculation 

This section is added to describe the practical steps involved in using the model described in Section 

8.3. for N20 emission calculations. Before this is done however, attention is drawn to another useful 

approximation. In Figure 8-8 both the Y m and a values for nitrous oxide emitted via nitrification 

and denitrification are presented for the data set of experiment one. In order to make a quick "back

on-the-envelope" calculation, the estimates of the two parameters for nitrification and denitrification 

may be taken from Figure 8-8. Closer examination of Figure 8-8 reveals approximate average values 

for Y m and a for nitrous oxide fluxes by nitrification and denitrification under low and high flux 

conditions from the 'wet-dry kinetics'. These are provided in Table A-9. 

Table A-9: Approximate Y m and a values for the two kinetic categories and N20 from nitrification 
and denitrification. 

'wet-dry kinetics', low flux 'wet-dry kinetics', high flux 

Ym a Ym a 

N20 nit 100 0.01 500 0.3 

N20 den 50 0.25 600 0.75 

The only other factors needed for N20 calculations are the soil ammonium (NH4+), soil nitrate (N03-

) (both in kg N ha- 1 to 5 cm depth) and rainfall records. For this calculation it is assumed that the 

high flux from the 'wet-dry kinetics' applies for 10 days after the occurrence of a rainfall event of 

greater than 20 mm. Together with appropriate factors from Table A-9 the nitrous oxide flux can 

be calculated by: 

N20 = N20 nit + N20 den •••••••••••••••••••••••••••••••••••••••••••.••. [A-51 

with, 

and 

Y m nit a nit NH4+ 
Y m_nit + a_nit NH/ 

Y m den a den N03-

Y m_den + a_den N03-



252 Appendix 

In order to model the N20 fluxes more accurately, the model described in Section 8.3. for wet-dry 

kinetics' may be used. The model (KNOM = Kinetic Nitrous Oxide Model) in the form of a Lotus 

compatible spreadsheet (WKS-format) is provided on a disk in the back of this thesis and can be 

retrieved and manipulated using any commercially available spreadsheet software. As an example, 

some data from experiment one are used (days of observation I to 100). Along with this model 

compatible spreadsheet, the whole database obtained in experiment one is included on the disk as 

file EXP 1. WKS. 

In the process of explaining the KNOM-program, reference will be made to Columns (letters) and 

Rows (numbers). 

To run the program the following measured daily parameters, which are single values at the time 

when N20 is measured or average daily values (all from the top 5 cm), have to be entered into the 

spreadsheet as indicated: 

• volumetric water content [cm3 cm-3
] ..••.•••••••••••••.. [Column H start at Row 33] 

• rainfall [mm] ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. [Column I start at Row 33] 

• soil temperature [0C] ............................... [Column J start at Row 33] 

• soil ammonium [kg NH/-N ha- I
] ...................... [Column K start at Row 33] 

• soil nitrate [kg N03--N ha- I
] • • • • • • • • • • • • • • • • • • • • • • • • •• [Column L start at Row 33] 

The first calculation is the conversion of the volumetric water content (Column H) to soil water 

suction (Column Y). This is carried out as described in Section 4.3.2. with the power function. 

Parameters A and B which describe the relationship are entered into Cells H4 to J5. 

Coefficients of the polynomials (A to D, Table A-8) for calculation of the Y m and a parameters are 

presented in Cells N6 to Z9 for N20 from nitrification and Cells N13 to Z16 for N20 from 

denitrification . 

These polynomial coefficients together with soil temperature (Column J, = X values) are used to 

calculate Y m and a for low and high flux kinetics for each day in Columns 0 to R and Columns 

U to X for N20 from nitrification and denitrification respectively. It is recommended the calculated 

Y m and a values are checked for values which may create artificially high nitrous oxide fluxes. This 
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artifact which occurred only in lout of 370 observations is due to the polynomial fitting process 

of extreme factor combinations. It can be corrected by manually setting the Y m and a parameters 

to values which fit into the range of Y m and a values observed before and after the incident. 

The division of the whole data set into the two kinetic categories (Section 8.3.2.) according to 

rainfall (Column I) and soil water suction (Column Y) is done in Columns Z to AB. According to 

this division the appropriate Y m and a values for nitrous oxide from nitrification and denitrification 

are chosen from Columns ° to R and U to X and entered into Columns M,N and S,T. These 

parameters are then used to model N20 nit (Column E) and N20 den (Column G) and finally total N20 

(Column C) by using equation A-5. In addition the measured total N20 as well as the calculated 

N20 from nitrification and denitrification (Section 8.3.2.) are provided in Columns B, D and F 

respectively. 

The reader is reminded that the model presented here, was developed for nitrous oxide emissions 

from urine affected intensive grassland in Canterbury. The parameters (Y m and a) for this particular 

ecosystem might not be valid for agricultural systems and ecosystems in different climatic regions. 

Therefore no guarantee can be given that the model with the current settings gives feasible results 

for situations other than those used for its development. Under situations where a large difference 

between modelled and measured results is observed the Y m and a parameters developed are most 

likely wrong. In order to fit the model to the particular conditions, parameters Y m and a would have 

to be determined as described in section 8.3 .. This would include the determination of the pathways 

for nitrous oxide from nitrification and denitrification (Chapter 6). 
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