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This study has provided fundamental information on the fate of urine nitrogen (N) 

when applied to pasture soils. In this work the three pasture soils used were a 

Bruntwood silt loam (BW), an old well-developed (lime and fertilizer incorporated and 

farmed for more than 20 years) peat soil (OP) and a young peat (YP) which was less 

developed (farmed for about 10 years). Initial soil chemical and physical 

measurements revealed that the peat soils were acidic, had higher cation exchange 

capacities, had greater carbon:nitrogen ratios and were better buffered against 

changes in soil pH than the BW soil. However, the BW soil was more fertile with a 

higher pH. The peat soils had lower bulk densities and higher porosities. 

Four experiments were performed. In the first experiment 15N-labelled urine was 

applied at 500 kg N ha-1 to intact soil cores of the three soils. Treatments imposed 

were the presence and absence of a water table at two temperatures, 80 C or 230 C, 

over 11-14 weeks. 15N budgets were determined. This first experiment showed that 

the nitrification rate was faster in the BW soil and was retarded with a water table 

present. Significant leaching of nitrate occurred at 8°C in the BW soil without a water 

table. This was reduced when a water table was present. Leaching losses of urine-N 

were .lower in the peat soils than in the BW soil. Apparent denitrification losses (Le. 

calculated on a total-N recovery basis) ranged from 18 to 48 % of the 15N-applied with 

the greatest losses occurring in the peat soils. 

The second experiment examined denitrification losses, over 30 days, following the 

application of synthetic urine-N at 420 kg N ha-1 to small soil cores situated in growth 



cabinets. The effects of temperature (SOC or 1S0 C) and synthetic urine (presence or 

absence) were measured on the BW and OP soils. Nitrous oxide (N20) 

measurements were taken from all soil cores and a sub-set of soil cores, at 1SoC, had 

15N-labelled synthetic urine-N applied so that 15N-labelled nitrogen gases could be 

monitored. This experiment showed that the application of synthetic urine and 

increased soil temperature enhanced denitrification losses from both soils. 

Denitrification losses, at 1SoC, as 15N-labelled nitrogen gases accounted for 24 to 

39 % of the nitrogen applied. Nitrous oxide comprised less than half of this 

denitrification loss. Losses of N20 in leachate samples from the soil cores accounted 

for less than 0.1 % of the nitrogen applied. 

A third experiment, using Iysimeters, was performed over a 150 day period in the field. 

The six treatments consisted of the 3 soils with applied synthetic urine, with or without 

a simulated water table; each replicated three times. Lysimeters were installed in the 

field at ground level and 15N-labelled synthetic urine-N was applied (500 kg N ha-1) 

on June 4 1992 (day 1). Nitrification rates differed between the soils following the 

trend noticed in the first experiment. As in the first experiment, nitrate was only 

detected in the leachate from the BW soil and the inclusion of a water table reduced 

the concentration of nitrate. In the BW soil, the leachate nitrate concentrations 

exceeded the World Health Organisation's recommended limit « 10 mg N L-1) 

regardless of water table treatment. No nitrate was detected in the leachates from the 

peat soils but there was some leaching of organic-N « 5 % of N added) in all the peat 

soil treatments. Denitrification losses were monitored for the first 100 days of the 

experiment. In the BW soil without a water table, N20 production peaked at 

approximately day 20 and accounted for 3 % of the nitrogen applied. In the peat soils 

the measured denitrification losses accounted for less than 1 % of the nitrogen 

applied. Apparent denitrification losses in the peats were, however, calculated to be 

approximately 50 % of the 15N-labelled synthetic urine-N applied. It is postulated that 

the difference between apparent denitrification losses and those measured could 

have been due to; loss of dinitrogen in leachate, protracted production of dinitrogen 

below detectable limits, production of denitrification gases after measurements 

ceased (Le. days 100 to 150) and entrapment of dinitrogen in soil cores. Due to the 

apparent denitrification losses being so high, further research into this nitrogen loss 

pathway was performed. 

The fourth and final experiment measured denitrification directly using highly enriched 

(50 atom %) 15N-labelled synthetic urine-No It was performed in a growth cabinet held 

initially at SoC. The 15N-labelled synthetic urine was applied at 500 kg N ha-1 to small 

soil cores of each soil type. Fluxes of N20 and 15N-labelled gases were measured 

daily for 59 days. On day 42 the temperature of the growth cabinet was increased to 

12°C in an attempt to simulate the mean soil temperature at the end of the field 

experiment. Up to this time, production of nitrogenous gases from the YP soil had 

ii 
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been very low. Interpretation of gaseous nitrogen loss in the YP soil was difficult due 

to the possibility of chemodenitrification occurring. However, in the OP and BW soils, 

gaseous losses of nitrogen (determined as 15N-labelled gas) represented 16 and 7 % 

of the nitrogen applied respectively. Nitrous oxide comprised approximately half of this 

gaseous nitrogen loss, in both the OP and BW soils. 

This work implies that urine-N applied to the mineral soil (BW) could potentially 

threaten the quality of ground water due to nitrate contamination through leaching. In 

contrast, denitrification appears to be the major loss mechanism from the peat soils, 

with the production of nitrous oxide being the primary focus for any environmental 

concern. Future work should examine the fate of the nitrate leached from the BW soil 

and the potential for dilution, plant uptake or denitrification below a 30 cm soil depth. A 

better understanding of the denitrification mechanisms could help reduce 

denitrification and thereby improve the efficiency of nitrogen use and reduce the 

output of nitrous oxide. 
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1 
CHAPTER 1: INTRODUCTION 

Nitrogen (N), an essential element required by plants, can be a limiting factor to 

production in grazed pastures. The grazing of pasture creates urine patches which 

can contain large quantities of nitrogen (up to 1000 kg N ha-1; Steele, 1982). This 

quantity of urine-N is frequently in excess of the pasture's ability to utilise it. The urine

N undergoes transformations in the soil to other nitrogenous forms which can be 

leached, volatilized or denitrified (Whitehead, 1986). Leaching of nitrogen (as nitrate) 

is of concern to agriculturalists because it represents an economic loss, and to 

environmentalists because it may result in pollution of ground or surface waters. 

Intensive grazing of pastures and the resulting urine patches are thought to be the 

most important source of leached nitrate in New Zealand (Burden, 1982). 

Gaseous emissions of nitrogen forms (NH3, N20 or N2) can also represent an 

economic loss and be of environmental concern. Nitrous oxide may diffuse from the 

pasture system into the atmosphere and is of concern because it is a "greenhouse 

gas" (Robertson, 1993), and is also implicated in the process of stratospheric ozone 

depletion (Crutzen, 1981). Little is known about the production of nitrous oxide from 

grazed pastures. However, it has been postulated that the release of nitrous oxide 

from biological sources may possibly constitute as much as 95 % of all emissions into 

the atmosphere (Smith and Arah, 1990). 

In New Zealand, large areas of peat soils are used for intensive grazing purposes. 

The high organic matter content of these soils and its potentially large effect on 

transformations of N (including urine-N) means that these peat soils may differ greatly 

from mineral soils. There is little if any detailed information concerning the fate of 

urinary-N on pastures and none on peat soils. 

The objectives of this study were: 

(i) to obtain fundamental information on the forms and amounts of nitrogen 

leached from urine patches on peat and mineral soils, 

(ii) to examine the importance of denitrification from urine patches on 

these soils, and 

(iii) to use 15N-labelled urine-N to provide a nitrogen balance on the fate of urine-N 

on these soils. 



2 
CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

The purpose of this chapter is to review the current state of knowledge regarding the 

cycling of nitrogen (N) in grazed pasture systems and to summarise the critical 

information about peat soils in the Waikato region of New Zealand. The literature on N 

cycling processes is vast so an attempt has been made to review it as it applies to the 

main processes in grazed pastures, especially the interactions with urine-N and the 

occurrence and significance of these processes in soils. 

2.2 Peat soils of the Waikato district 

Thompson (1980) defines peat as "the partially decomposed remains of plants (and to 

a lesser extent animals), mixed with varying proportions of imported inorganic material 

(silt, clays, etc.). It is normal to consider substrates with organic contents in excess of 

about 50 % as peat". 

The area of peat soils in the world is approximately 3 million km2. New Zealand ranks 

sixteenth in the table of world peat resources having 0.05 % of the world peat 

resources covering 0.7 % of the country's land surface (Davoren, 1978). While this 

may be a small percentage, Armishaw (1964) points out they are not an insignificant 

soil group due to the intensive agriculture practised on them. Of the 1660 km2 of peat 

lands in New Zealand, the largest areas are located in Waikato (ca. 440 km2), Hauraki 

(ca. 300 km2), Southland (ca. 222 km2) and Chatham Island (ca. 350 km2) (McLay et 

al., 1992). The major agricultural peat areas in the Waikato are the Komakorau, 

Moanatuatua and Rukuhia peats. 

Peat forms when plant remains accumulate under waterlogged conditions. 

Decomposition is inhibited by the anaerobic conditions resulting from a high water 

table and the acidic conditions that are present. Low moor peats develop in lakes, 

rivers, streams and basins. High moor peats develop where a low moor formation 

continues to grow and becomes elevated above flood level. Eventually the top layers 

of peat are fed by rainwater and become infertile with low fertility demanding species. 

Peats may be either ombrogenous (water supply entirely from rainfall) or soligenous 

(rainfall supplemented by moving ground water) although various transitions may be 

encountered. Ombrogenous peats are often called bogs. These bogs have a low 

nutrient status and a low pH (usually less than 5). The major agricultural peat areas of 

the Waikato are ombrogenous but may also be classified as high moor peats. In New 

Zealand, high moor peat is formed by a variety of plants of which the dominant 

species are members of the Restianaceae, hence the term "restiad peats". These plant 

species are predominantly rushes. A more detailed discussion on plant species 

present in peats is presented in Davoren (1978) and Thompson (1980). Further 

information on peat development and classification can be found in other published 
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work (Hupkens van der Elst, 1958a and 1969; Armishaw, 1964; Farnham and Finney, 

1965; Harris, 1968; Dinauer, 1974; Davoren, 1978; McCraw, 1979; Taylor and Pohlen, 

1979; and Thompson, 1980). 

Several factors influence the success in developing infertile peat land into productive 

pasture, including drainage, fertilizer requirements and cultivation. Methods applied to 

facilitate drainage include tile drains, mole drains, spun ditches and open drains. 

Today, the two main methods of drainage in use are an orthodox system using a 

hierarchy of ditches and a second system which uses a 'hump and hollow' technique 

to provide surface run-off. Both systems use main drains (1.5 - 1.8 m deep) fed by 

paired drains (0.5 - 1.3 m deep) which in turn are fed by paddock ditches up to 0.45 m 

deep. Most farmers will drain their farms but few if any control water tables to store 

moisture for dry summer months. Over-draining of peat can cause delays in rewetting 

of the peat following rain with subsequent depression of pasture growth (Adam, 1953; 

Thompson and Elliott, 1950). 

Following drain formation, the next stage of development is liming and cultivation. 

Generally, virgin peat will have a pH of about 4.0 in the top 100 - 150 mm and can be 

as low as pH 3.8. Cultivation and pasture renewal occurs on average at years 5 and 7 

after initial development, with lime (typically 10 tonnes ha-1) being applied at first 

cultivation and each subsequent renewal of pasture until the pH is about 5.5. Lime 

and fertilizer are mixed into the peat by cultivation. 

Large fertilizer applications are required, with up to 1000 kg ha-1 of 15 % potassic 

superphosphate worked into the peat prior to sowing of pasture and a further 750 kg 

ha-1 of 15 % potassic superphosphate being applied at pasture renewal. Descriptions 

of trials designed to determine pasture responses to phosphorus, sulphur and 

potassium are given by Hupkens van der Elst (1962a; 1968; 1971; 1972). 

Considerable research has been done on the need for trace elements such as 

selenium, molybdenum, copper and boron for pasture and the trace element 

requirements of animals grazing pasture on peat soils (Cunningham, 1944; 1946a; 

1946b; 1948; Hupkens van der Elst, 1958b; 1962a; 1962b; 1972; Hupkens van der 

Elst and Watkinson, 1972; Elliott and Hupkens van der Elst, 1956). 

There is little published information about the physical characteristics of organic soils 

in New Zealand (Jackson, 1980). The physical properties of peats depends on the 

degree of decomposition of the peat and the differences between fibric, humic and 

sapric materials (Jackson, 1980). Boulter (1969, 1975 - both quoted in Jackson, 1980) 

also demonstrated the interaction of soil physical properties with the degree of 

decomposition. The relationships between pore size and suction as they affect water 

content and the relationship between bulk density and suction as they affect water 
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content can be summarised as follows (Boulter, 1969; 1975 - both quoted in Jackson, 

1980): 

(i) undeveloped or un decomposed peats have a large percentage of large pores 

(> 0.01 cm), 

(ii) as peats decompose pore radii decrease, 

(iii) at any given suction, the water content will be higher in a decomposed peat 

than in an undecomposed peat because the water is held more tightly due to 

the smaller pore sizes, 

(iv) as peats decompose (Le. move from a fibric (undecomposed) to a sapric 

(decomposed) state) bulk density increases, 

(v) undecomposed peats, when saturated, have a higher water content (% v/v). 

As shrinkage and consolidation of peats occur, dry bulk density and particle density 

increase. The large pore content (pores that drain at 50 cm of water or 0.05 bar) is 

very variable and large differences in saturated hydraulic conductivity and hence in 

ease of drainage can be expected with large pore content (Jackson, 1980). 

Differences in pore size distribution of peats affect the hydraulic conductivity rate. 

Values for hydraulic conductivity reported for developed and undeveloped peat soils 

range over several orders of magnitude (Boelter, 1965; Dai and Sparling, 1973; 

Rycroft et al., 1975; Ingram, 1983; Mathur and Levesque, 1985). McLay et al. (1992) 

measured hydraulic conductivity in the cultivated layer and underlying layer of a 

Waikato restiad peat with values of 2.21 x 10-5 m s-1 and 19.95 x 10-5 m s-1 

respectively with differences between the peat layers due to undecomposed roots. 

Factors affecting hydraulic conductivity appear to be site specific and have been 

shown to depend on in situ factors such as botanical composition, level of 

decomposition, bulk density and porosity (Ingram, 1983). Gas generated in situ by 

anaerobic respiration can cause a progressive and significant decrease in the 

hydraulic conductivity of moderately decomposed sub-surface peat (Reynolds et al., 

1992) and may be a further cause of variability in measured hydraulic conductivities. 

Peat materials show substantial shrinkage on drying but little data is available on 

shrinkage of New Zealand peat (Jackson, 1980). McLay et al. (1992) found the 

specific volume of restiad peat increased linearly with gravimetric water content. 

The main chemical characteristics of peats are low pH, high cation exchange capacity, 

low base saturation and low mineral content. The low mineral content of peat is due 

to the combined effects of parent material and the low bulk density of peat. 
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Table 2.1 provides a summary of a typical Waikato (Rukuhia) ombrogenous peat 

which was sampled in 1984, twenty five years after its last fertilizer application. This 

table gives an indication of trends in physical and chemical properties as affected by 

depth. Information comes from a survey carried out by 'Landcare' (formerly known as 

the D.S.LR Soil Bureau) and probably represents one of the most comprehensive 

investigations of a peat site in New Zealand. 

Table 2.1 Rukuhia peat profile (Joe, 1986) 

Depth pH Loss on Carbon Nitrogen C/N Bulk particle total hydraulic 

Ignition ratio density density porosity conductivity 

(cm) (H2O) (%) (%) (%) (t m-3) (t m-3) (%) (m s-1) 

0-7 4.4 93 50 2.41 21 0.21 1.52 56.6 3x10-6 

7-15 4.1 92 52 1.66 31 0.29 1.47 80.7 1 x1 0-6 

15-37 3.7 84 55 1.22 43 0.10 1.44 85.0 

37-49 3.9 87 51 1.21 42 0.10 1.46 93.2 7x10-7 

49-52 4.0 44 28 0.61 46 0.17 1.76 91.0 

52-80 3.9 95 57 1.32 43 0.08 1.43 94.0 5x10-7 

80-110 3.9 96 53 1.31 40 

2.3 Forms of nitrogen in soil 

The total nitrogen (N) content of soils may vary from < 0.1 % in desert soils to over 4 % 

in organic soils (Haynes, 1986). Some of the commonly occurring inorganic-N (also 

referred to as mineral-N) compounds found in soils include exchangeable ammonium 

(NH4+), nitrate (N03t nitrite (N02-), dinitrogen gas (N2), nitrous oxide (N20) and fixed 

NH4+. Other inorganic forms have also been measured (e.g. ammonia, nitric oxide, 

nitrogen dioxide and nitrous acid). The major forms of mineral N (NH4+ and N03-) 

comprise less than 2 % of the total N content in soils (Melillo, 1981; Woodmansee et 
al., 1981). Nevertheless, it is from this small N pool that plants obtain their N 

requirements (Haynes, 1986). 

Organic nitrogen may comprise over 90 % of the N in the surface layers of most soils 

(Stevenson, 1982), with the exact nature of this N only partially understood (Haynes, 

1986). Forms of organic-N include an acid hydrolyzable fraction (amino acids, amino 

sugars, ammonium and an unidentified hydrolyzable fraction) and non acid 

hydrolyzable forms. 
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2.4 Inputs of nitrogen in grazed pasture 

2.4.1 Atmospheric deposition 

Nitrogen may be added to the pasture by the processes of wet or dry deposition. Wet 

deposition involves the removal of gaseous and particulate matter from the 

atmosphere by precipitation. In dry deposition, removal from the atmosphere takes 

place by gravitational settling, turbulent transport, molecular diffusion and impaction 

(Soderlund, 1981). Hansen and Lindberg (1991) present an extensive review on dry 

deposition of reactive nitrogen compounds (gases and particles). The gaseous 

products of ammonia volatilization, denitrification, nitrification and chemodenitrification 

may also be returned by dry or wet deposition. The amount of N returned to pastures 

in these processes is considered to be small. Estimates for rural New Zealand put this 

input at less than 15 kg N ha-1 yr-1 (Floate, 1987). 

2.4.2 Biological N2-fixation 

N2-fixing organisms may be symbiotic, free-living, or form casual associations with 

other organisms; they may be phototrophic or chemotrophic, autotrophic or 

heterotrophic (Gallon and Chaplin, 1987). 

In New Zealand pastoral agriculture, the symbiotic association between the legume 

white clover (Trifolium rep ens) and Rhizobium spp. has traditionally formed the crux of 

N inputs to pastural systems. Detailed explanations of the chemistry and biochemistry 

of the biological N2-fixation processes can be found in Gallon and Chaplin (1987). 

Amounts of N2-fixed in the Waikato (on mineral soils) have been measured as ranging 

from 82-280 kg N ha-1 yr-1 (Ledgard et al., 1990; Ledgard, 1991). Variability in 

amounts of N fixed may be due to numerous factors such as white clover cultivar 

(Ledgard, 1991), amount of legume present in the pasture, pasture management, 

environmental and edaphic conditions (Ledgard and Steele, 1992). Little work 

appears to have been done on biological N2-fixation in peats. Bursakov et al. (1985) 

found N2-fixation decreased with increasing moisture level in lowland peat bog. 

Waughman and Bellamy (1980) measured annual heterotrophic N-fixation in German 

mires at 0.7 to 2.1 kg N ha-1. 

The effect of cow urine on N2-fixation by clover has been measured as being 

deleterious to the amount fixed with the reduction in N2-fixation dependant on 

seasonal effects (Ledgard et al., 1982). Application of urine in late autumn and early 

spring resulted in a 80 % and 40 - 60 % decline in N2-fixation by clover respectively. 
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2.4.3 Fertilizer 

Farmers in New Zealand use relatively small amounts of nitrogen fertilizers compared 

to European countries. When used, rates of application to New Zealand pastures 

range from 30 to 100 kg N ha-1 yr-1 (McLaren and Cameron, 1990) but account for 

less than 5 % of the total N input (Ledgard, 1993). In the Waikato region one of the 

commonest N fertilizers used is urea, often at rates approximating 50 kg urea ha-1. 

This may be used to promote grass growth during periods of feed deficits. Feyter et al. 

(1985) recorded greater autumn responses to urea fertilizer on peaty loams than on 

sandy loams in the Waikato region. 

2.5 Cycling of nitrogen within grazed pasture-soil systems 

2.5.1 Mineralization and immobilization 

Biological turnover of N between mineral and organic forms occurs through the 

opposing processes of mineralization and immobilization. Immobilization leads to 

incorporation of N into the microbial tissues (the active fraction of organic matter). 

Nitrogen mineralized during decay will continue to be assimilated by microorganisms 

until the microbial demand is satisfied (Bartholomew, 1965). This immobilized N may 

then be recycled through mineralization or converted to more stable humus forms 

(Stevenson, 1982). 

Within the pasture system, plant and animal residues undergo decay by 

microorganisms resulting in the formation of mineral forms of N and assimilation of 

part of the carbon (and mineralized N) into the microbial tissues. Mineralization and 

immobilization nearly always function in soil but in opposite directions. Hence, 

changes in mineral-N levels (NH4+ and N03-) merely indicate a difference in the 

magnitude of the opposing processes (Stevenson, 1982). 

Detailed accounts of the biochemistry of nitrogen mineralization can be found in Ladd 

and Jackson (1982) and Haynes (1986). The predominant nitrogenous compounds 

present in soils which may be mineralized include plant and animal residues 

(containing proteins, peptides, amides, amino acids, nucleic acids, purines and 

pyrimidines), as well as the soil microbial biomass and soil humic components, both of 

which contain compounds such as amino sugars and amino acids. 

Mineralization and immobilization are dependent on, or affected by a number of 

processes and conditions such as the interactions of plants, soil physical and 

chemical factors, environmental factors and the carbon to nitrogen ratio. 

Plants serve as an energy source for microorganisms and they also compete for the 

mineralized products thus reducing or preventing immobilization. Mineralization 

usually proceeds more readily in neutral than in acid soils (Haynes, 1986). 
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Mineralization of native soil organic-N may be carried out by a diverse range of 

microflora (e.g. bacteria, actinomycetes and fungi). Studies of mineralization in peats 

are scarce. Some studies, however, have noted that N mineralization is greater in the 

surface region of peats than at depth (Wiklander and N6mmik, 1987; Williams and 

Wheatley, 1988; Verhoeven et al., 1990). Weber et al. (1985) examined the effect of 

wood ash and NPK fertilizers on microbial activities in a histosol and found that wood 

ash significantly increased mineralization, possibly due to a rise in pH from 4.6 to 5.5. 

Maltby (1972; 1984; 1989) states that peat land reclamation for agriculture brings 

about an immediate and complex microbial response due to mechanical mixing, 

liming, early plant cover and root development and the manuring effect of grazing 

animals. Williams and Wheatley (1988) showed that the effect of a water table in an 

oligotrophic deep peat was to reduce readily mineralized N. The mineral-N in peats 

may often be present almost entirely as NH4+ (e.g. Williams and Wheatley, 1992) 

although this does depend on the eutrophic status of the peat under study. Kirkham 

and Powers (1993), for instance, examined the seasonal fluctuations in the mineral 

nitrogen content of an undrained wetland peat soil following differing rates of fertilizer 

N application. In this study, it was found that a high proportion of N was in the N03-

form for most of the year. However, in this study of Kirkham and Powers (1993) they 

were dealing with a well humified, shallow peat (70 cm), with a surface pH of about 

5.7 which suggests conditions may have been well suited to nitrification (Section 

2.5.2) and the formation of N03-. Potential for mineralization of N increases as peat 

soils are agriculturally developed with addition of lime and fertilizers (e.g. Williams 

and Wheatley, 1989). 

Jansson and Persson (1982) discussed the energy supply to soil organisms with 

regard to mineralization and immobilization. In soil biology, the C/N ratio is normally 

used to characterise soil organic matter or organic soil amendments. However as 

Jansson and Persson (1982) point out the C/N ratio is an approximation of the more 

important parameter, namely the energylnitrogen ratio. Use of the C/N ratio can 

therefore be misleading. This is because some of the C and N constituents of organic 

matter undergoing decomposition are not readily available to microorganisms. They 

are not readily mineralized. For example, the N-free lignins of many plant materials, 

the low N residual substances of many plant materials and the low N residual 

substances of many peat soils are poor energy sources for most microorganisms. 

Although they have high C/N ratios, such materials will not cause any substantial net 

immobilization of N (Jansson and Persson, 1982). 

Nitrogen returned in a urine patch may also be immobilized into the soil's microbial 

biomass and into organic forms of N. Keeney and MacGregor (1978) found 13 % of 

applied 15N-urea in the organic form after 7 days. In a similar study Whitehead and 

Bristow (1990) found incorporation to occur at a slower rate when 15N-labelled urea in 

urine was applied, with 6.3 % being recovered in the microbial biomass after 16 days. 
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2.5.2 Nitrification 

Nitrification is classically defined as the process whereby NH4+ is oxidized via N02- to 

N03- (Schmidt, 1982; Haynes, 1986). The biological agents responsible for 

nitrification are autotrophic bacteria, heterotrophic organisms and methylotrophs. This 

process is thought to be carried out predominantly by autotrophic bacteria. However, 

heterotrophic microorganisms can produce nitrite or nitrate from reduced forms of 

nitrogen besides NH4+. Hence, Alexander et al. (1960) proposed that nitrification be 

defined as the biological conversion of nitrogen in organic or inorganic compounds 

from a reduced to a more oxidized state. 

Autotrophic nitrification is carried out by gram-negative bacteria of the 

Nitrobacteraceae family. These bacteria derive their energy from the oxidation of 

either NH4+ or N02-. Lists of genera known to nitrify NH4+ or N02- can be found in 

Bremner and Blackmer (1981), Schmidt (1982) and Haynes (1986). The two most well 

known genera are Nitrosomonas and Nitrobacter, which oxidise NH4+ and N02-

respectively. Oxidation of NH4+ to N02- by Nitrosomonas and subsequent oxidation 

of N02- to N03- by Nitrobacter may be represented as follows (Bremner and 

Blackmer, 1981; and Schmidt, 1982; Haynes, 1986): 

6e 

~ 

2e 

~ 

(2.1 ) 

(2.2) 

The oxidation of NH4+ to N02- is an acidifying process in the soil with two hydrogen 

ions produced for each NH4+ ion oxidized. In the oxidation of NH4+ to N02- several 

intermediate compounds are thought to occur. These are hydroxylamine (NH20H), 

nitroxyl (NOH) or its dimer, hyponitrite. From these intermediate compounds, gaseous 

loss of N20 can occur (Nicholas, 1978) (Section 2.6.2.4). The biochemistry of 

autotrophic nitrification is discussed more fully in Schmidt (1982). 

Heterotrophic microorganisms (bacteria, fungi and actinomycetes) are capable of 

producing either N02- or N03- from NH4+ or from other reduced forms of N in culture 

(Haynes, 1986). However Schmidt (1982) notes that unequivocal evidence has not 

been produced to show that heterotrophs that nitrify in culture will do so in their natural 

environment. 

Methylotrophic bacteria occur in soils and water in aerobic sites in contact with 

anaerobic methane generating sites. In reality, little is known as to what if any 

contribution the methane oxidising bacteria may make to nitrification (Schmidt, 1982). 
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There have also been investigations into the possibility of chemical nitrification 

(Bartlett, 1981) and its possible existence may explain why N02- seldom accumulates 

in soils (Haynes, 1986). However it is considered of minor importance. 

Generally, autotrophic nitrifiers are limited by the rate of NH4+ production and the 

addition of NH4+ or N02- can increase autotrophic nitrifier populations (Ardakani et al., 

1973; 1974). Conversely, too high an NH4+ concentration can repress nitrification, 

which has been attributed to: 

(i) toxic levels of NH3 at high pH (Stojanovic and Alexander, 1958). In soils of pH 

above 7.5, NH3 toxicity can result in inhibition of Nitrobacter and accumulation 

of N02- (Morrill and Dawson, 1967), 

(ii) an increase in the salt content of the soil with increasing rates of NH4+ addition 

(Malhi and McGill, 1982) and 

(iii) the lowering of soil pH when (NH4)2S04 is added (Malhi and McGill, 1982). 

Repression of nitrification may also occur if high end product concentrations occur 

(Haynes, 1986). The lower pH limit for nitrification is usually around pH 4 to 5 

(Sarathchandra, 1978). Heterotrophic nitrification could possibly be of significance in 

acid soils (Haynes, 1986). Rangely and Knowles (1988) studied nitrification of 

hydrolysis products of urea in unlimed (pH 3.5) and limed peat (pH 6.9) and found 

nitrification only occurred after the application of lime and inoculation with 

Nitrosomonas . Added Nitrosomonas did not survive in the unlimed peat. 

Aeration and soil moisture content both affect nitrification. Maximum rate of nitrification 

occurs at soil moisture potentials in the range of -10 to -33 kPa (Sabey, 1969; Malhi 

and McGill, 1982). At 0 kPa (i.e. flooded soil systems), nitrification is either absent or 

can occur very slowly due to a shortage of oxygen. Appreciable nitrification can still 

occur at "permanent wilting point" (-1500 kPa), (Sabey, 1969). Rewetting of dry soils 

may also cause a flush of nitrification to occur (Campbell and Biederbeck, 1982). 

Temperature also influences the process of nitrification. The optimum is 25 - 30 °C 

(Kowalenko and Cameron, 1976) and nitrification is inhibited outside this range. 

Freezing and thawing can be stimulatory and result in a subsequent flush of 

nitrification (Biederbeck and Campbell, 1973). 

Lack of microbial nutrients (e.g. phosphorus) and poor competitive ability of 

autotrophic nitrifiers relative to other soil nitrogen processes which reduce available 

substrate (e.g. plant uptake), may limit nitrification (Haynes, 1986). 
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Herbicides, pesticides and heavy metals may inhibit nitrification. The peat soils in the 

Waikato region have, during their development, received fertilizer dressings which 

have included Cu and Mo. As peat soils subside, the concentration of non mobile or 

adsorbed elements may increase. It is noteworthy that Cu and Mo can inhibit 

Nitrobacter more than the NH4+ oxidizers, resulting in an accumulation of N02- (Liang 

and Tabatabai, 1978). 

Acetylene can also inhibit nitrification, with the presence of as little as 0.1 % (v/v) 

completely inhibiting nitrification in a silt loam soil (Walter et al., 1979). 

Within a urine patch, nitrification will obviously depend on the factors mentioned, such 

as soil pH, aeration, soil water content and rate of substrate production. Many of these 

factors will change over time (e.g. soil pH will usually increase as urine-urea 

hydrolyses) and may cause corresponding fluctuations in the rate of nitrification and 

its products before an equilibrium or constant rate of nitrification is reached. Haynes 

and Williams (1992) studied the changes in soil solution composition and pH in sheep 

urine patches. In their study they found that nitrification had a dominant effect on ionic 

concentrations, ionic strength of the soil solution and soil pH. 

The benefits of nitrification in the agricultural ecosystem include reducing potential 

NH4+ toxicity, decreasing the likelihood of NH3 volatilization by reducing NH4+ 

concentrations and potentially helping the release of fixed NH4+. Disadvantages of 

the process include soil acidification and the generation of N03- which may be 

leached or denitrified with associated potential pollution and health hazards. 

2.5.3 Fixation and adsorption of ammonium 

2.5.3.1 Ammonium fixation 

Soils containing certain clay minerals will also contain NH4+ that is not readily 

exchangeable with potassium and other cations, but which is held within the lattice 

structures of clay minerals. This NH4+, referred to as "fixed NH4+ ", is not readily 

removed by leaching and is not generally available to plants and micro-organisms 

(Stevenson, 1982). The soils in the experiments described in this thesis have little if 

any clay present and ammonium fixation should not be a major N process. Detailed 

discussion on the mechanisms of fixation, the equilibrium between solution NH4+ and 

fixed NH4+ and factors affecting fixation may be found in Porter and Stewart, 1970; 

Black and Waring, 1972; Osborne, 1976; Sowden et al., 1978; Nommik, 1981; 

Nommik and Vahatras, 1982; Stevenson, 1982; Juma and Paul, 1983; Cameron and 

Haynes, 1986; Drury et al., 1989; Drury and Beauchamp, 1991. Crush and Evans 

(1988) found fixed NH4+ levels rose sharply and declined in plots treated with urine, 

while the withholding of dung and urine led to mobilization of fixed NH4+. 
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2.5.3.2 Ammonium adsorption 

Soils colloids carry positive and negative electrical charges, with the negative charges 

being dominant in most temperate soils (Nommik and Vahtras, 1982). Negative 

charges occur due to isomorphous substitution of Si2+, A13+ and Mg2+ and to 

dissociation of H+ from -OH groups bound to Si and/or AI (Nommik and Vahtras, 

1982). Negative charges originate in soil organic matter from the dissociation of 

carboxyl (COOH) and phenolic OH groups (Hayes and Swift, 1978). The total negative 

charge represents the ability of a soil to hold positively charged ions, (i.e. its exchange 

capacity). As would be expected, practically all of the cation exchange capacity (CEC) 

of highly organic soils (peats) is caused by organic matter (Stevenson, 1982). 

Increasing both soil pH and humification of organic matter will increase the CEC 

(Stevenson, 1982). Hence, peat soils should have an increasing ability to hold cations 

as the pH increases and as they become more humified. 

The strength with which cations are adsorbed depends on the valency and size of the 

cation, charge density, types of associated anions, concentration of different cations 

present and the water content of the system. These factors are reviewed in Nommik 

and Vahtras (1982). 

Cation exchange is a reversible process where cations on exchange sites and those 

in soil solution are in dynamic equilibrium. Retention of NH4+ on soil cation exchange 

sites means that it is available to plants but it is effectively protected against leaching 

by percolating waters (Cameron and Haynes, 1986). Losses of NH4+ are generally 

considered to be insignificant unless a soil has a low cation exchange capacity. 

2.5.4 Plant uptake 

Plants can take up NH4+ or N03-. The rapid nitrification of NH4+ to N03- in most soils 

means that N03- is the predominant form of N available for plant uptake. The 

mechanisms of absorption of both NH4+ and N03- by plant roots are active energy 

requiring processes and are therefore influenced by the supply of photosynthates and 

energy from shoot to root (Haynes, 1986). Other factors also influencing the uptake of 

NH4+ and N03- include temperature, ambient pH and competition among other 

cations or anions during active uptake. 

The pH of the rhizosphere may change upon uptake of N. When NH4+ or N03- are 

taken up, H+ and OH- ions are released into the rhizosphere respectively (Haynes and 

Goh, 1978). In nutrient solution, maximum absorption of NH4+ occurs at pH 7 to 8 

while that for N03- occurs at pH 4 to 5. At low temperatures, N03- uptake is reduced 

relative to NH4+ (Clarkson and Warner, 1979). 
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Increased pasture growth in response to urine patches may last from 1 month to 2 

years (Norman and Green, 1958; Druring and McNaught, 1961; Drysdale, 1963; 

Smith, 1965; Lotero et al., 1966). However, it is more typical for the response to 

urine-N to last 2 to 3 months (Drury and McNaught, 1961; Wolton, 1978; Fraser, 1992). 

Grass usually becomes the dominant component of a urine patch due to suppression 

of clover. 

The literature reveals that the recovery of urine N by pasture is highly variable. 

Ledgard et al. (1982) measured 20 % recovery following application of 740 kg N ha-1 

as urine; Ball et al. (1979) applied urine at 300 kg N ha-1 and 600 kg N ha-1 and 

recorded 37 % and 22 % recovery respectively; Whitehead and Bristow (1990) 

recovered 13 % of 15N applied in urine after 51 days; Williams et al. (1989) recovered 

55 % of applied urine-N after 8 months; Fraser (1992) in a 15N Iysimeter study 

recovered 41 % of labelled urine-N in the pasture after it was applied at 500 kg N ha-1. 

This variability will be due to many factors such as methods used, experiment duration, 

soil types, rates of N applied, pasture composition and season of application (e.g. low 

winter temperatures and dry hot summers are not ideal for pasture growth and 

subsequent plant uptake of N). 

2.5.5 Deposition of dung and urine on pasture 

Grazing animals ingest N from the pastures they consume. The amount of ingested N 

will be depend on the N content of the pasture species and the volume of herbage 

eaten (Whitehead, 1986). N ingested by the lactating dairy cow may be partitioned 

into milk, urine, dung or retained in the animal (Hutton et al., 1965; 1967). The 

proportion of the total N intake excreted and its partitioning between urine and dung 

depends on the type of animal, intake of dry matter and N concentration of the diet 

(Whitehead, 1986). 

A dairy cow will excrete approximately 75 % of ingested N (Walker et al., 1954). As the 

N content of the diet increases so does the proportion of N in the urine. Langtina et al. 

(1987) found cow dung contained an average of 132 g N cow-1 day-1 regardless of 

whether the intake was 450 or 775 g N cow-1 day-1. In high producing intensive 

pasture systems, where animal intake of N is high, more than half of the consumed N 

is excreted as urine (Haynes af'l~ W;lhOl.II\A'1 l~q3). 

Urine-N concentration depends on diet and water consumption but is normally 8 - 15 

g N L-1 (Whitehead, 1970). As digestible N intake increases, the proportion of urine-N 

present as urea also increases (Topps and Elliott, 1967). Other nitrogenous 

components of the urine include heterocyclic bases, amino acids and peptides, but 

typically more than 70 % of the N in the urine is urea (Doak, 1952; Bathurst, 1952). 

Nitrogen content of dung is 2.0 - 2.8 % on a dry weight basis (Floate and Torrance, 

1970), with the bulk of this in organic forms. 
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For cattle, the number of urinations per day commonly ranges from 8 - 12 (Haynes and 

Williams, 1993). The number of urinations per day may vary due to animal, water 

intake Le. herbage water content (Doak, 1952), and weather conditions (Betteri~e et 
al., 1986). 

The volume of a dairy cow urination may be approximately 1.6 - 2.2 L (Haynes and 

Williams, 1993). Again, variation in this volume depends on variables such as the 

individual cow concerned (Doak, 1952), the amount of water adsorbed (Paquay et al., 

1970) and seasonal differences (Vercoe, 1962). 

The area covered by a cow urination event also varies from 0.16 - 0.49 m2 (Haynes 

and Williams, 1993) with variation due to the volume of urine excreted, soil moisture 

status and the accuracy of measuring such areas. 

Assuming a urine concentration of 15 g L-1 and a urination volume of 2 L on an area 

0.5 m2, the effective rate of N applied equates to over 600 kg N ha-1. This is more than 

the pasture plants can immediately utilise. Consequently N is potentially available for 

other N transformations from or within the pasture system. 

2.5.6 Plant residues 

The decomposition of plant residues is of great importance in the N cycle of grassland 

farming systems (Floate, 1981; Woodmansee et al., 1981). These plant residues may 

come from above or below the ground surface (Le. leaves or roots). Obviously, the N 

content of the plant residues will depend on plant species, stage of plant growth and 

management factors such as grazing frequency which may affect shoot/root ratios. 

Decomposition is of importance when it comes to making available the symbiotically 

fixed N in legumes to the associated grasses. Ledgard (1991) measured the below 

ground transfer of N from white clover cultivars to associated grasses iri a Waikato 

pasture and found this equated to 70 kg N ha-1 yr-1. Ball and Field (1982, quoted in 

Floate 1987) presented a N cycle case study of an intensively managed dairy pasture 

receiving 448 kg N ha-1 yr-1. In this study, cycling of N from plant litter to the plant 

biomass was estimated at 550 kg N ha-1 yr-1. 
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2.5.7 Effects of earthworms on nitrogen transformations 

Earthworms can have significant effects on a number of nitrogen transformations in 

soil. Several recent studies have demonstrated the effect of earthworms on 

denitrification. Elliott et al. (1990) and Svensson et al. (1986) found earthworm casts 

constituted important microsites for denitrification and contributed to the spatial 

heterogeneity of nitrogen gas fluxes. Elliott et al. (1991) estimated, the potential 

contribution of casts to denitrification ranged from 10 % to 22 % of unfertilized and 

fertilized plots respectively. Buse (1990) examining the influence of earthworms on 

plant growth and nitrogen leaching fluxes, found few significant differences in NH4+ 

and N03- concentrations in leachates but improved plant growth in the presence of 

earthworms, suggesting improved nutrient availability. Robinson et al. (1992) 

measured increased N release (by up to 50 fold) into leachates in limed and unlimed 

peat when earthworms were added. 

2.6 Losses of nitrogen from the grazed pasture 

2.6.1 Leaching 

2.6.1.1 Forms of nitrogen leached 

Organic-N usually makes up more than 90 % of the total N in surface soils. The 

mobility and leaching of this organic-N fraction is considered to be low (Khanna, 

1981). Nevertheless, Schoen au and Bettany (1987) found that N in fulvic acids, 

produced in surface horizons, could be translocated to Band C horizons by 

percolating water. Smith (1987) found that soluble organic-N losses accounted for 5 

% or less of the inorganic N produced in surface soil samples during 84 days of 

aerobic mineralization. 

Inorganic-N in soil consists of ammonium or nitrate. Ammonium-N is also considered 

unlikely to be leached, except possibly following heavy rain after ammonium fertilizer 

or urea application. This is because: 

(a) NH4+-N is held in the soil by processes of cation exchange, fixation and 

immobilization by soil microbes, 

(b) NH4+-N is readily nitrified during its transport (Cho, 1971; Misra et al., 1974), 

(c) NH4+-N may be taken up by plant roots or released as NH3. 

Soil colloids commonly possess a net negative charge and there is little tendency for 

the nitrate anion to be adsorbed. Thus nitrate is susceptible to diffusion and mass 

transport in soil water (Cameron and Haynes, 1986). Nitrate is the form of nitrogen 

most commonly leached. 
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Leaching of soluble gaseous forms of N may also occur. For example, N20 has been 

measured in drainage waters (Davidson and Firestone, 1988; Dowdell et al., 1979). 

However, the significance of this pathway relative to nitrate leaching appears to be 

unknown. 

2.6.1.2 Leaching mechanisms and processes 

Leaching of dissolved nitrogen species through soil may occur or be influenced by the 

following processes: 

(a) convection 

(b) diffusion 

(c) hydrodynamic dispersion 

(d) chemical and biological processes 

(e) soil physical properties 

(f) soil charge. 

Convection involves solute transport due solely to mass flow of water alone (Cameron 

and Haynes, 1986). The movement of water in soil is determined by the magnitude of 

the hydraulic gradient and the hydraulic conductivity of the soil, as described by 

Darcy's Law (Hillel, 1980): 

q = -K dH/dx 

where q is the water flux, K is the hydraulic conductivity and dH/dx equals the 

hydraulic gradient. 

(2.3) 

The convective flux of solutes (Jc) is dependent on the concentration (c) of the solute 

in solution and the water flux (q). Assuming no interaction between the ions being 

leached the convective flux of solutes may be described by the following equation 

(Hillel, 1980): 

Jc = qc = -c(KdH/dx) (2.4) 

The average pore water velocity (U) is represented as follows (Hillel, 1980): 

U = q/8 (2.5) 

where 8 is the volumetric water content. 
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Hence, convective transport may be described by the following equation (Cameron 

and Haynes, 1986): 

dc/dt = -Udc/dx (2.6) 

Where c = concentration of solute (fl9 mL-1); t = time (days); U = average pore velocity 

(cm day-1); and x = linear distance in direction of flow (cm). 

Assuming no interaction occurs between a salt solution applied to a soil column and 

the leaching water (Le. only convective transport ), then the band of salt will be 

displaced from the soil column after the addition of one pore volume of drainage. This 

is often referred to as piston flow (Figure 2.1 a). A pore volume is defined as the ratio of 

the leachate volume to the total water in the soil column during leaching (Biggar and 

Nielsen, 1962). Piston flow is seldom encountered in the field since dispersion of the 

solute occurs due to molecular diffusion and hydrodynamic dispersion processes. 

When concentration gradients exist in the soil, then ions will diffuse from areas of high 

concentration to areas of low concentration until an equilibrium is reached. In bulk 

water, at rest, the rate at which an ion diffuses (Jd) (fl9 cm-2 s-1) may be described by 

Fick's first law (Nye, 1979; Hillel, 1980): 

Jd = -Do dc/dx (2.7) 

where Do is the diffusion coefficient for the solute diffusing in bulk water (cm2 s-1) and 

dc/dx is the concentration gradient (fl9 cm-3 cm-1). 

Soil properties such as temperature, tortuosity of soil pores and water content will 

influence the value of Do (Gardener, 1965; Hillel, 1980). Hence, in soil the diffusion 

coefficient needs to account for such factors and an effective diffusion coefficient is 

therefore used (Os) (Hillel, 1980). As such equation 2.7 only accounts for steady state 

conditions. In order to account for transient -state conditions, in which fluxes and 

concentrations can vary with time and space, the so-called continuity equation (Hillel, 

1980) must be combined with equation 2.7 to give: 

dC/dt = -Os(q)d2C/dX2 

Equations (2.6) and (2.8) can then be combined to give a convective-diffusive 

equation (Hillel, 1980): 

dC/dt = Os d2C/dX2-UdC/dX (2.9) 

(2.8) 
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Figure 2.1 Schematic diagram of various components of N03- leaching: (a) 

convective transport alone, (b) convection-diffusion-dispersion, (c) anion exclusion, 

(d) anion adsorption and (e) macropore bypass and macropore leaching (from 

Cameron and Haynes, 1986) 
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As a solution flows through soil, mechanical mixing occurs which tends to equalize the 

solute distribution. This process is known as "hydrodynamic dispersion" (Cameron 

and Haynes, 1986). This process enhances the effects of diffusion. Hydrodynamic 

dispersion is caused by: 

(a) differential flow velocity within a soil pore, with velocity greater in the centre of 

the soil pore due to friction on the pore walls slowing up water flow, 

(b) higher flow velocity in larger pores, 

(c) varying tortuosity of soil pores and therefore different rates of flow per unit 

length of soil (Cameron and Haynes, 1986; Wild, 1981). 

Hydrodynamic dispersion can be described mathematically in a similar way to 

diffusion, but instead of a diffusion coefficient, a dispersion coefficient is introduced 

(Hillel, 1980). The dispersion coefficient is dependent on the pore water velocity 

(Nielsen and Biggar, 1963; Passioura and Rose, 1971; Cameron and Haynes, 1986). 

The combined effects of the convective-diffusive-dispersive mechanisms can be 

described as follows (Cameron and Haynes, 1986): 

where E is the apparent diffusion coefficient and is the sum of diffusion plus 

mechanical dispersion, i.e: 

E = Ds + mU 

(2.10) 

(2.11 ) 

where m = dispersivity. As flow increases so does the value of E (Nielsen and Biggar, 

1963; Passioura and Rose, 1971). 

Hydrodynamic dispersion is greater in those soils that are cracked or have large 

channels under saturated or near saturated flow conditions (Rose and Passioura, 

1971). The maximum ion concentration in a solution being leached in such soils will 

emerge prior to one pore volume of leachate being collected (Figure 2.1 b). This is due 

to preferential leaching of the solute through the cracks and channels (Biggar and 

Nielsen, 1967; Rose and Passioura, 1971). The tailing that occurs with preferential 

leaching has been explained by assuming two distinct water regions; one designated 

as the "mobile" water region with convection and dispersion occurring and another as 

the "immobile" region where salt transfer takes place by diffusion only (Rose and 

Passioura, 1971). Observed tailing in break through curves is the result of slow 

diffusion of the salt between the immobile and mobile pore water (Gaudet et al., 1977). 

Smiles et al. (1978) found that under unsaturated flow, the primary mechanism 

causing spreading was dispersion. 
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To provide a complex description of leaching it is possible to take into consideration 

other chemical or biological processes that may occur to solutes as they leach (Hillel, 

1980). For instance, Angelakis et al. (1989) measured values of N20 produced and 

transported simultaneously with a pulse of N03- fertilizer in a 1 m long soil column by 

combining the one dimensional diffusion equation with the one dimensional 

convective dispersive solute transport equation and reasonably predicted 

concentration profiles of N20. Similarly, Wagenet et al. (1977) studied and 

mathematically described the transformations of urea during leaching. 

As mentioned above, soil physical characteristics such as channels or cracks (e.g. soil 

structure, earthworm burrows) may influence the leaching of ions by causing the rate 

of leaching to be faster than predicted, or by the bypass of solutes in micropores, 

leading to solute retention and slower rates of leaching (Cameron and Haynes, 1986). 

Generally, soils carry a net negative charge and, depending on the charge of the ion 

being leached, it may be repulsed or adsorbed. Hence nitrate, being an anion, is 

effectively excluded from the area close to the soil pore surfaces which reduces the 

effective pore volume. Consequently, nitrate ions may travel faster than predicted by 

convection theory (Figure 2.1 c), (Cameron and Haynes, 1986). Adsorption of anions 

has also been recorded in some soils (Black and Waring, 1972) but in most soils it is 

the cations in the soil solution which will be adsorbed. The effect of cation adsorption 

is to retard or prevent the leaching of the ammonium ions (Figure 2.1 d). 

2.6.1.3 Measurement of leaching 

Leaching losses may be estimated using several methods including catchment 

studies, tile drains, porous ceramic cups, Iysimeters and laboratory columns 

(Cameron and Haynes, 1986). There are benefits and disadvantages of using each of 

these methods and some are discussed by Cameron (1983). A method which 

measures the entire leaching loss from undisturbed soil is obviously desirable. It is 

primarily because of this that Iysimeter systems have been developed. However, while 

undisturbed Iysimeters retain the natural pore geometry of the field soil there can be 

edge-flow of water and solutes between the soil core and the Iysimeter casing, 

leading to erroneous measurements being made (Monaghan et al. 1989; Cameron et 

al., 1990). A method to prevent edge flow of water and solutes in undisturbed soil 

cores and Iysimeters was developed by Cameron et al. (1990) and proves the 

necessity of using such a technique in Iysimeter studies. 
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2.6.1.4 Consequences of nitrate leaching 

Leaching of nitrogen is of economic and environmental importance. When N03- is 

leached, divalent cations such as Ca2+ and Mg2+ move downwards as counter ions 

with the N03- resulting in a decrease in pH and base saturation (Steele et al., 1984; 

Hogg, 1981). An economic value could theoretically be assigned to estimates of the 

quantities of N03- and the associated cations leached and to the subsequent soil 

acidification of agricultural systems if sufficient data was available. However, this does 

not appear to have been done. No doubt on a national scale this would come to a 

substantial value. 

Nitrate contamination of New Zealand's principal aquifers could itself lead to serious 

economic consequences. It can take decades for complete rehabilitation of a large 

ground water system and the cost of providing alternative supplies is extremely high 

(Burden, 1982). 

Contamination of rivers, lakes and oceans is another potentially serious outcome of 

N03- leaching. While phosphates have commonly been blamed for eutrophication in 

freshwater, it has been shown that nitrates and not phosphates are responsible for 

algal blooms in the sea (Saull, 1990). Nitrate leaching may have both qualitative and 

quantitative effects on the trophic status and biology of surface waters (Cameron and 

Haynes, 1986; Garrett, 1991). This again can have economic consequences, with the 

decreased recreational value of water ways and the need for clearing of such water 

ways. 

Ingestion of nitrates by humans has been associated with methemoglobinemia, a 

serious disease in a new born child (Vigil et al. 1965). Nitrates and nitrites have also 

been shown to be transformed in vivo to N-nitroso compounds (Goldberg, 1989; 

Saull, 1990). N-nitroso compounds have been implicated as carcinogens. In most 

European countries the maximum permissible nitrate concentration (set by the World 

Health Organisation (W.H.O)) in drinking water is now 11.3 mg N03--N L-1, which is 

equivalent to 50 mg N03- L-1 (Strebel et al., 1989). 

In some areas of New Zealand the concentration of nitrates in bores and wells has 

exceeded this limit (Baber and Wilson, 1972; Adams et al., 1979; Burden, 1982; 

Steele et al., 1984; Ringham et al., 1990; Cameron, 1993; Ledgard, 1993). The limited 

data available with regard to the Waikato suggests that many ground water aquifers 

may have N03- levels above the W.H.O limit. Baber and Wilson (1972) surveyed 87 

different bores for nitrate levels. Of these, 75 were used for domestic water supply and 

36 % of these had nitrate levels greater than 10 mg N03--N L-1, (ranging from 11 to 59 

mg N03--N L-1). Baber and Wilson (1972) concluded that the nitrate most probably 

originated from intensive grazing of ryegrass/white clover pastures. It should be noted 

that this study was undertaken over 20 years ago and that farm production and 
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intensification has increased subsequently. Ringham et al. (1990) studied the ground 

water chemistry of the northern Waikato district and found three surficial aquifers that 

tended to contain high nitrate concentrations and recommended that they be avoided 

for domestic use. A potential source of this nitrate was again considered to be nitrogen 

fixed by legumes and leachates from animal wastes during grazing. Hoare (1986) 

studied wells in the Waikato basin and found that wells less than 12 m deep often 

(about 1/2 the time) had concentrations in the 10- 20 mg N L-1 range. Hoare (1986) 

concluded that the high and variable nitrogen concentrations in Waikato ground water 

usually resulted from intensive pastoral activity. Other authors have also suggested 

that grazing animals can be causes of high nitrate concentrations in drainage waters 

(e.g. O'Connor, 1974; Ryden, 1984). 

2.6.1.5 Leaching of urine-N 

Leaching of nitrate is greater in grazed swards than in cut swards because cycling of 

N through the ruminant animal results in an uneven redistribution to the sward and the 

creation of areas where N is supplied in excess of plant demand (O'Connor, 1974; 

Garrett, 1991). Relatively large (50-200 kg N ha-1 yr1) leaching losses can occur from 

intensively grazed pasture (Cameron and Haynes, 1986). However, there have only 

been a small number of studies examining leaching of urine in grazed pasture in New 

Zealand and even fewer that have studied leaching of N from bovine urine (Cameron, 

1993). Several authors have reported macropore flow of urine and its constituents 

(Whitehead and Bristow, 1990; Williams et al., 1990; Monaghan et al., 1989; Ryden, . 

1984), while other work has attempted to measure urine leaching losses and 

processes (e.g. Fraser, 1992; Monaghan et al., 1989; Hogg, 1981). There appears to 

have been no attempt to measure dissolved nitrogenous gases in leachates resulting 

from urine-N deposition. Considering the potential enormity of the amount of urine 

leaching occurring in New Zealand's grazed pastures there appears to be a woeful 

lack of detailed knowledge regarding the effects of soil type, climate and farm 

management systems on the process. 

2.6.2 Gaseous losses 

2.6.2.1 Ammonia volatilization 

The release of gaseous ammonia (NH3) from the soil surface to the atmosphere is 

commonly termed 'ammonia volatilization'. At normal atmospheric temperatures and 

pressures NH3 is a gas. However, NH3 is also extremely soluble and undergoes base 

hydrolysis in water to yield NH4+ and OH-. 

(2.12) 
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Thus any ammoniacal-N (NH3 + NH4+) present in soils, waters, fertilizers and 

manures has the potential to volatilize to the atmosphere. The rate of NH3 

volatilization depends on removal and dispersion of NH3 into the atmosphere and 

also on the concentration of NH3 or ammonium in solution (Freney et al., 1983; 

Haynes and Sherlock, 1986). The factors and reactions which govern NH3 loss were 

reviewed by Nelson (1982), Freney et al. (1983), Haynes and Sherlock (1986) and 

Jarvis and Pain (1990). The most influential of these factors is probably the pH of the 

soil solution containing the ammoniacal-N. 

The volatilization of NH3 from urine patches is of particular interest. Urea (CO(NH2)2) 

deposited in urine on the soil surface undergoes hydrolysis catalysed by the enzyme 

urease to form ammonium bicarbonate and hydroxide ions (Jarvis and Pain, 1990). 

urease 

(2.13) 

Thus, urine patches become localised areas of high pH with subsequent alteration of 

the equilibrium between solution NH4+ and NH3, in favour of NH3. The amount of NH3 

ultimately volatilized depends on the rate of urea hydrolysis and the complex 

interaction of the factors alluded to above. Needless to say, there are a wide range of 

estimates of volatilization (20-80 % of N applied) mentioned in the literature 

(Woodmansee et al., 1981; Carran et al., 1982; Sherlock and Goh, 1984; Haynes and 

Williams, 1992). It has been shown that where soil conditions are suitable for rapid 

urea hydrolysis, significant reduction of NH3 volatilization from urea or synthetic urine 

patches occurs if rain falls within 3 hours of urea or urine application (Black et al., 

1987; Whitehead and Raistrick, 1991). 

Besides urea, urine also contains other nitrogenous compounds such as allantoin, 

creatinine, hippuric acid, creatine and amino-N (Doak, 1952). Whitehead et al. (1989) 

demonstrated that a solution containing urea (10 g N L-1) plus hippuric acid 

(0.25 g N L-1) and adjusted to pH 8 was much closer to cattle urine in the extent and 

pattern of ammonia volatilization over 8 days than was urea alone. 

Studies have also demonstrated that NH3 gas can be released or absorbed by crops 

(Parton et al., 1988), however, the amounts tend to be small by comparison with 

amounts lost from urine patches. 

2.6.2.2 Biological denitrification 

Biological denitrification is the major biological process through which fixed nitrogen 

is returned from the soil to the atmosphere. This can be defined as "the microbial 

reduction of nitrate or nitrite to gaseous nitrogen either as molecular nitrogen or as an 

oxide of nitrogen" (Firestone, 1982). 
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For denitrification to occur there must be the following (Firestone, 1982): 

(i) bacteria possessing the metabolic capability, 

(ii) suitable electron donors such as organic carbon compounds, 

(iii) anaerobic conditions or restricted oxygen supply, 

(iv) nitrogen oxides as terminal electron acceptors. 

Denitrification is presumed to occur in so-called localised "hot-spots" in the soil where 

these prerequisites are fulfilled (Rheinbaben, 1990). The generally accepted 

sequence of nitrogen oxide reduction during denitrification is as follows (Firestone, 

1982; Knowles, 1982; Germon, 1985; Payne, 1985; Firestone and Davidson, 1989; 

Davidson, 1991; Hutchinson and Davidson, 1993): 

NO (2.14) 

nitrate nitrite nitric oxide nitrous oxide dinitrogen 

Nitrite and nitrous oxide have long been recognized as being intermediates in the full 

denitrification pathway. However, there has been debate over the status of nitric oxide. 

Payne (1985) maintains that increasingly sensitive electron capture detector 

chromatographic techniques and a chemiluminescent detection process show nitric 

oxide to be a common accumulant during denitrification, and therefore is a true 

intermediate in the reduction pathway. 

Microbiology 

Firestone (1982) reports the capacity to denitrify in 23 genera of bacteria while 

Germon (1985) notes that 26 genera have been recorded. Most denitrifying bacteria 

are chemoheterotrophs. This means that they use chemical energy sources, as 

opposed to light and that they use organic carbon compounds as electron donors 

(reductants) and as sources of cellular carbon (Firestone, 1982). Nearly all denitrifiers 

are aerobic organisms capable of anaerobic growth in the presence of nitrogen 

oxides (Firestone, 1982). Hobertpon and Kuenen (1991) discuss the physiology of 

denitrifying bacteria. 

Gamble et al. (1977) found Pseudomonas and Alcaligenes to be the most commonly 

isolated genera of bacteria in a study on 19 soils. Denitrifying bacteria can be 

recovered from nearly every type of environment (Payne, 1985). Estimates of 

denitrifying bacteria numbers indicate that as many as 10-15 % of bacteria in soils or 

surface sediments are capable of denitrification (Gamble et al., 1977). The population 

may also undergo fluctuations in response to various environmental factors which are 

discussed below . . ~ .. 
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Denitrifying enzymes 

The reduction of nitrate to nitrite is catalysed by an enzyme known as dissimilatory 

nitrate reductase (DNR) or nitrate reductase A. The biosynthesis of nitrate reductase is 

repressed by oxygen and requires nitrate to be present in the medium. Nitrite 

reductases reduce nitrite to nitric oxide (Firestone, 1982). A pH of 5.2 is optimal for 

enzymatic activity while a pH of 7 facilitates non-activity (Payne, 1985). 

The enzyme responsible for nitric oxide reductase has not been purified or studied 

extensively (Firestone, 1982; Payne, 1985). This is due, in part, to the difficulty in 

dealing with the highly reactive nature of nitric oxide. Again, like nitric oxide reductase, 

little is known about nitrous oxide reductase and attempts to demonstrate reduction of 

nitrous oxide in cell free extracts were largely unsuccessful until Kristjansson and 

Hollocher (1980) achieved 60 -fold purification. An important characteristic of nitrous 

oxide reductase is its inhibition by acetylene which is further discussed below. 

Measurement of denitrification 

There are three widely used methods for determining N loss into the atmosphere 

through denitrification (Rheinbaben, 1990). The first method is based on 15N recovery 

from the soil-plant system, with the denitrification production assumed to be equal to 

the unaccounted for 15N. In the second method, 15N-labelled N2 and N20 gases are 

trapped in a confined head space above the soil with the total denitrification loss 

accounted for by mass spectrometric analysis of the head space gas. The third 

method involves the use of acetylene (which inhibits the reduction of N20 to N2) and 

subsequent measurement of N20 evolution only. There are advantages and 

disadvantages with all methods and these are discussed elsewhere (Smith, 1988; 

Tiedje et al., 1989; Mosier, 1989 and 1990; Rheinbaben, 1990; Hutchinson and 

Livingstone, 1993). Despite the availability of these and other methods, denitrification 

budgets remain extremely difficult to establish accurately in most environments 

because of the high spatial and temporal variability inherent in denitrification (Parkin, 

1987; Grundmann et al., 1988; Parkin and Robinson, 1989; Tiedje et al., 1989; Jarvis 

et al., 1991). There have a}so b~_en attempts to measure denitrification on landscape 

and regional scales to help establish global N20 budgets (Groffman, 1991). 

Soil and environmenfal faddrs affecting denitrification 

Nitrate can be added directly to the soil as fertilizer, or it can be formed by the process 

of nitrification. Nitrate may inhibit or stimulate reduction of nitrous oxide to dinitrogen 

(Blackmer and Bremner, 1978a; 1978b). If the denitrifying microorganisms in soil have 

not had a chance to adapt to anaerobic reduction of N20 to N2, a small amount of 

nitrate has a stimulatory effect on their ability to perform this reduction (Blackmer and 

Bremner, 1978b). However, high concentrations of N03- almost completely inhibit the 
j 

process, thus increasing nitrous oxide production (Blackmer and Bremner, 1978a). 
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The inhibitory effect of high N03- concentrations on N20 reduction increases markedly 

with decreasing pH (Blackmer and Bremner, 1978a). Terry and Tate (1980) also 

found nitrate to have an inhibiting effect on nitrous oxide reduction but this was less in 

sediments and organic soils that had been subjected to prolonged flooding rather 

than in cultivated soils. 

Oxygen (02) availability must be low or 02 must be absent for synthesis and activity of 

the denitrification enzymes (Firestone, 1982). The severity of the decrease in enzyme 

activity varies, depending on the denitrifying organisms present. For example, 
Knowles (1982), cites work where nitrate reductase was suppressed at 0.35 % O2 in 

cultures of Azospirillum spp while Pseudomonas spp functioned with nitrate 
reductase at 5 % O2, 

Nitrite reductase is more strongly suppressed by O2 than nitrate reductase while the 

regulation of nitric oxide reductase is largely unknown (Chalamet, 1985; 
Knowles,1982). Nitrous oxide reductase is also inhibited by increasing O2 levels 

(Chalamet, 1985). The later reductases in the denitrification sequence are affected 
more by increased O2 levels than the earlier reductases (Knowles, 1982, Chalamet, 

1985). The oxygen concentration in a soil will depend on the rate of oxygen 

consumption and the rate of oxygen diffusion (Knowles, 1982). 

Pilot and Patrick (1972) found critical air filled porosities, below which denitrification 

became significant, to range from 11 to 14 % in three soils of differing texture ranging 

from a silt loam to clay loam. A fine soil structure also increases the number of 

anaerobic sites (Chalamet, 1985). Generally, coarse textured soils have lower 

denitrification rates than finer textured soils (Beauchamp et al., 1980). This has also 

been shown by Parkin and Teidje (1984), when a clay loam soil denitrified 9 times as 

much as a sandy loam soil. The pore space and potential aeration status of a soil will 

be influenced by the structure of the soil (Marshall and Holmes, 1988). 

The moisture content of a soil is an important controller of denitrification because it 

influences soil aeration status (Pilot and Patrick, 1972). Generally, the wetter the soil 

the greater the nitrogen loss (Colbourn and Dowdell, 1984). For example, Colbourn 

and Harper (1987) found that draining a clay soil limited denitrification losses to 65 % 

of those occurring from the undrained soil. However if drainage provides better 

aeration in an inherently wet soil, microbial activity may increase, thus increasing the 

turnover rate of nitrogen and thereby increasing the potential for denitrification 

especially in zones of the drained soil that remain anaerobic (Colbourn and Dowdell, 

1984). It has also been suggested that an indirect effect of water may be in aiding the 

distribution of micro-organisms, nitrogen compounds and diluting toxic compounds 

produced by bacteria (Garcia, 1978 cited in Chalamet, 1985). 
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Denitrifying activity is related to organic carbon contents in soils (Knowles, 1982; Smid 

and Beauchamp, 1976; Reddy et a/., 1982; Sahrawat and Keeney, 1986; Stanford et 

a/., 1975b; Smith and Arah, 1990; DeCatanzaro and Beauchamp, 1985; Katnz et a/., 

1985; Rheinbaben, 1990; Drury et a/., 1991). This carbon must be metabolizable and 

not just simply the total carbon present in the soil (Firestone, 1982). The classic study 

of Burford and Bremner (1975) investigated the relationship between the 

denitrification capabilities of 17 surface soils and the amounts of total organic carbon, 

mineralizeable carbon and water soluble organic carbon. The denitrification 

capacities of these soils were significantly correlated with total organic carbon and 

very highly correlated with water soluble organic carbon. The soils in this study had a 

range of total organic carbon of 0.3-6.0 %. Firestone (1982) notes that Burford and 

Bremner's (1975) work was performed on air dried soils and that the longer the drying 

time and the higher the drying temperature the greater will be the effect on the 

metabolizable carbon content and hence denitrification capacity. These researchers 

suggested that future work should perhaps use field moist soils. Singh et a/. (1988) 

compared air dried and field moist soils and found highly significant correlations 

between denitrification potential and organic carbon mineralized under anaerobic 

conditions. 

The optimum pH range for denitrification is 6.0 - 8.0 (Firestone, 1982, Knowles, 1982; 

Chalamet, 1985). At low pH, nitrogen oxide reductases are inhibited so that 

denitrification decreases. If the pH falls below 4 the ratio of the products of 
denitrification may favour N20 as the major product (Knowles, 1982). In a study using 

13N, Teidje et a/. (1981) monitored the gaseous products of denitrification while the 

soil was acidified from pH 6.7 to 5.2 and noted a change in the gaseous product 
composition, with N20 becoming a dominant product almost immediately as the pH 

shifted to 5.2. This drop in pH had little effect on the total rate of gas production (N2 + 
N20) and it is suggested (Firestone, 1982) that either nitrous oxide reductase is 

sensitive to pH or that decomposition of N20 or an NOx intermediate may be promoted 

by acidity. 

Other studies have also found pH to influence denitrification and its gaseous product 
composition. George and Antoine (1982) found that N20 was only produced at low pH 

values (5.0) and low nitrate concentrations. Muller et a/. (1980) found high correlations 

between denitrification rate and soil pH in low pH spodosols and peats (> or = to pH 

3.6). At low pH, interpretation of the denitrification process may be clouded due to 

chemodenitrification of nitrite, which may yield nitric oxide, nitrous oxide, nitrogen or 

methyl nitrite (Section 2.6.2.3) 
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Temperature affects the microbial activity of the denitrification process and may also 

affect the rate of other chemical processes such as the rate of oxygen diffusion and 

solubility (Firestone, 1982). It may be assumed that biological reaction rates within a 

limited temperature range increase by a factor of 2 or 3 for each 10 degree rise in 

temperature (Stanford et al., 1975a). Generally, this is true for denitrification between 

the temperatures of 12-35 °c (Focht, 1974; Donor and McLaren, 1978; Chalamet, 

1985). At low soil temperatures, denitrification decreases but is still measurable over 

the range 2 to 5 °c (Bailey and Beauchamp, 1973; Bremner and Shaw, 1958; George 

and Antoine, 1982). 

The temperature range from near zero to about 35°C is of most interest in agriculture 

(Stanford et aI, 1975a). As mentioned above, slow rates of denitrification have been 

recorded over the range 2 to 5°C. Stanford et al. (1975a) found that between the 

temperatures of 15 to 35°C the temperature coefficient of denitrification was 

approximately 2 while denitrification declined abruptly over the range of 10 to 15°C. 

Smid and Beauchamp (1976) found that denitrification increased with temperature (5 

to 30°C) when carbon was non-limiting. 

Optimum temperatures for denitrification have been reported as 60 to 65 °c by 

Bremner and Shaw (1958) and as high as 75°C by Keeney et al. (1979). At such high 

temperatures, chemical reactions may also occur (Keeney et al., 1979) or thermophilic 

bacteria may be responsible for biological activity (Stanford et al., 1975a). 

The N20 fraction in denitrification products 

Estimates of the mole fractions of N20 [Le. N20/(N20 + N2)] are exceedingly variable 

and published values vary from 0 to 1 (Rolston, 1981). Low pH, high nitrate 

concentration, low moisture content, and low availability of oxidizable organic matter 

all tend to increase N20 fractions, but the relative importance of these parameters is 

difficult to assess (Arah and Smith, 1990). 

Biological denitrification from urine patches 

Studies indicate that grazed swards and the urine patches in them not only promote 

denitrification but also have higher rates of denitrification than non-grazed swards 

(Ryden, 1985; Whitehead and Bristow, 1990). Ryden (1985) measured denitrification 

rates which were 2 to 20 times higher in areas visibly affected by excreta in grazed 

swards. Whitehead and Bristow (1990) recorded a denitrification loss (using acetylene 

techniques) of 6.7 % of the N present after macropore flow, following the application of 

15N-labelled urine-N at 74 g m-2. Colbourn (1993) examined pastures grazed by 

sheep and found 70 % of the denitrification loss came from only 14 % of the area (Le. 

the area affected by excreta). Colbourn (1993) noted that the distribution of urine on 

pasture causes areas of high N supply, making estimates of average N gas fluxes 

unreliable. He also noted that more needs to be known about the distribution and 

dynamics of these N sources. 
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2.6.2.3 Chemodenitrification 

Chemical reactions of nitrite within soils and the subsequent emission of nitrogenous 

gases (N2, NO, N02 and sometimes N20) is termed chemodenitrification (Haynes and 

Sherlock, 1986). This process is only significant if nitrite accumulates in the soil. In 

well aerated, unfertilized soils, nitrite does not accumulate because the conversion of 

nitrite to nitrate by Nitrobacter proceeds at a faster rate than the conversion of 

ammonium to nitrite by Nitrosomonas (Chalk and Smith, 1983). 

Both Nitrosomonas and Nitrobacter are adversely affected by high soil pH and high 

salt concentrations, with Nitrobacterthe more sensitive of the two (Chalk and Smith, 

1983). Inhibition of Nitrobacter activity is due to NH3 toxicity resulting from high soil pH 

(Stevenson, 1982; Chalk and Smith, 1983). 

Nitrification of urea, ammonium salts, anhydrous and aqua ammonia has been shown 

to cause an accumulation of nitrite if soil pH increases(Hauck and Stephenson, 1965; 

Wetselaar et al., 1972; Pang et al., 1973; Chalk et al., 1975}. Nitrite accumulation may 

also occur in urine patches on grazed pastures (Vallis et al., 1982). The resulting rise 

in soil pH following application of NH3 producing sources is due to the hydrolysis of 

NH3 (Equation 2.12). However, as nitrification proceeds the soil pH decreases due to 

the oxidation of ammonium to nitrite: 

(2.15) 

The net effect is the production of 1 mole of acid for each mole of NH4+ which is 

nitrified. Hence, acid soil conditions may occur around the periphery of the NH3 

source where the nitrification is complete, while in the centre of this NH3 source the 

soil pH may still be alkaline with nitrite present. Subsequently, this nitrite may diffuse 

into the acid peripheral zone (Chalk and Smith, 1983). This situation could possibly 

arise in a urine patch. 

Mechanisms and products of chemodenitrification 

(i) Decomposition of nitrous acid 

Nitrous acid is produced if nitrite is added to, or forms in acid soils: 

(2.16) 

At pH 5, 4, and 3 the proportions of nitrite present as undissociated nitrous acid are 

1.9, 16 and 74 % respectively (Chalk and Smith, 1983). Spontaneous decomposition 

of nitrous acid may occur: 

(2.17) 
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If conditions are aerobic, NO will be oxidized to N02 and both gases may be absorbed 

by moist soil as HN03 (Nelson and Bremner, 1970; Nelson, 1982): 

(2.18) 

Under anaerobic conditions HN02 disproportionates. The N02 is absorbed as HN03 

but NO will appear in the atmosphere: 

(2.19) 

The proportion of N02- evolved as (NO + N02)-N increases with decreasing pH 

because of the increasing proportion of HN02 present at low pH (Bremner and 

Nelson, 1969). Blackmer and Cerrato (1986) examined the soil properties affecting 

formation of NO by chemical reactions of nitrite. It was found that NO was formed by 

reactions of N02- with organic matter as well as self decomposition of HN02. 

(ii) Reaction of nitrous acid with amino compounds 

Reactions between compounds containing free amino groups (amino acids, urea, 

amines) have been suggested as possible mechanisms for gaseous N loss from soil 

under acidic conditions (Nelson, 1982; Stevenson, 1982; Chalk and Smith, 1983; 

Haynes and Sherlock, 1986). The reaction involved is referred to as the Van Slyke 

reaction and can be represented as follows: 

(2.20) 

However, this is thought to be of minor importance as a mechanism for gaseous loss 

of nitrogen because: 

(a) soils need to be acidic, pH < 5 (Nelson, 1982), 

(b) there is a low concentration of unbound amino acids in most soils 

(Stevenson, 1982), 

(c) nitrous acid is unstable in the acidic environment necessary for the Van 

Slyke reaction (Chalk and Smith,1983). 

Nevertheless, Christianson et al. (1979) reported Van Slyke losses (5 % of N applied 

lost as N2) following the nitrification of 15N enriched urea applied to a sterilized soil of 

pH 5.5. In further experiments, Christianson et al. (1979) were able to produce the 
same gas with the application of NaN02. 
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(iii) Reactions of nitrous acid with ammonium 

It has been suggested that chemical decomposition of ammonium nitrite may occur in 

soils where ammonium or ammonium forming fertilizers cause ammonium and nitrite 

to be present and soil conditions are acidic (Allison, 1963; Ewing and Bauer, 1966). 

This reaction often described as ammonium nitrite decomposition may be represented 

as follows: 

(2.21 ) 

Again, this reaction is not thought to be of any major significance with regard to 

gaseous losses of N from soils, except perhaps where neutral and alkaline soils are 

air dried (Nelson, 1982; Smith and Chalk, 1983; Haynes and Sherlock, 1986). 

(iv) Reactions of nitrite with organic matter 

The emission of N2, N20, NO and methyl nitrite (CH30NO) have been detected as 

reaction products of nitrite with organic matter (Stevenson and Swaby, 1964; Edwards 

and Bremner, 1966; Stevenson et al., 1970; Steen and Stojanovic, 1971; Magalhaes 

and Chalk, 1985 and 1987). Studies examining the chemical transformations of nitrite 

in soils have shown the extent of decomposition and fixation of nitrite to be inversely 

related to soil pH (Bremner and Fuhr, 1966; Nelson and Bremner, 1969). Blackmer 

and Cerrato (1986) added nitrite at 100 mg N kg-1 of soil to 28 soils and 95 % of the 

variability in the amounts of NO found, « 1 to 49 % of N applied), could be explained 

by a model that considered only soil organic carbon content, pH and an interaction of 

these factors. Mechanisms involved in the formation of these nitrogenous gases, while 

not fully understood, involve the reaction of HN02 with phenolic hydroxyl groups. 

These are discussed in greater detail elsewhere (Nelson, 1982; Stevenson, 1982; 

Chalk and Smith, 1983). These reactions may possibly be significant in acidic peat 

soils. 

(v) Other mechanisms 

Reactions of HN02 with hydroxylamine, clay minerals and transition metal elements 

have also been postulated as further possible mechanisms for chemodenitrification 

(Haynes and Sherlock, 1986). 

Significance of chemodenitrification losses 

There appear to be few studies relating the extent of chemodenitrification losses to 

field situations. Colbourn et al. (1987) measured the emission of NO and N02 from 

urine treated pasture using a system of enclosures coupled to a chemiluminescence 

analyser. Urine was added to soil (pH 7.3, organic carbon content 1.8 %) at 

447 kg N ha-1. Over a 13 day measurement period rates of emission averaged 43 

-r:!Jg N m-2 h-1. However, the high pH and low organic matter content of the soil may not 

: have been favourable for losses of NO or N02. 
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2.6.2.4 Nitrification and gaseous nitrogen loss 

Bremner and Blackmer (1981) reported that soils evolve N20 even when they are well 

aerated and their moisture content is low (Le. when soil conditions inhibit 

denitrification) and that N20 emissions from aerated soils are correlated not with 

nitrate concentration but with nitrifiable N content. In well aerated soils, emissions of 

N20 are increased by the addition of nitrifiable forms of nitrogen such as ammonia 

and urea but are not Significantly affected by the addition of nitrate, glucose or both 

(Bouwman, 1990). 

Evolution of dinitrogen and N20 during nitrification of alkaline hydrolysing nitrogen 

fertilizers has been reported (Bremner and Blackmer, 1978; Christianson et al., 1979; 

Smith and Chalk, 1980; Magalhaes et al. 1987). The biochemical pathway for N20 

release by nitrifier denitrification is shown below, with broken lines indicating 

unconfirmed pathways (Firestone and Davidson, 1989): 

(2.22) 

Parton et al. (1988) suggest gaseous nitrogen losses due to nitrification may dominate 

until soils become wet or saturated when biological denitrification may dominate. Soil 

and environmental factors affecting nitrification will also influence gaseous emissions 

from the nitrification process. Soil factors include pH, organic matter, water and 

oxygen status and the soil's ability to supply nitrifiable nitrogen while environmental 

factors such as rainfall and temperature will also playa role (Sahrawat and Keeney, 

1986). A full review of these factors can be found in Bremner and Blackmer (1981) 

and Sahrawat and Keeney (1986). 

The large amounts of ammonium which are typically nitrified in the urine patch make it 

likely that nitrification could contribute significantly to N20 losses from grazed pastures 

(Haynes and Williams, 1993). Some published work examining gaseous losses from 

urine patches (e.g. Ryden, 1984; 1985; 1986; Whitehead and Bristow, 1990) will not 

have measured losses of N20 due to nitrification because of the methods used (Le. 

acetylene inhibition which inhibits the nitrification process; Bremner and Blackmer, 

1981). Monaghan (1991) examined the transformation and losses of nitrogen from 

urine affected soil and discounted initial evidence of nitrification as an important 

source of the N20 evolved on the basis of a further experiment using a nitrification 

inhibitor which demonstrated that the source of the N20 was from a nitrate pool. 

Haynes and Williams (1993) surmise that it is reasonable to assume that the 

magnitude and exact mechanisms of the nitrifier denitrification loss process have yet 

to be fully quantified and determined. 
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2.6.2.5 Environmental consequences of N20 gas losses 

Nitrous oxide is a very effective greenhouse gas having the relative potential for 

thermal absorption of 150 to 250 times that of carbon dioxide (Sherlock et al., 1992; 

Duxbury et al., 1993; Robertson; 1993). The atmospheric lifetime of N20 is 150 years. 

Removal of N20 from the troposphere by precipitation is low and N20 can therefore 

move into the stratosphere. Nitrous oxide can be oxidized to NOx in the stratosphere 

with the subsequent NOx gases catalyzing the destruction of ozone (Crutzen, 1981). 

The contribution to N20 emissions from the combustion of fossil fuels is very small (2-

3 % of estimated emissions from all sources). Until recently it had been assumed that 

the combustion of fossil fuels represented the dominant source of the increase in N20 

in the atmosphere during the 20th century (Figure 2.2). However, it has now been 

shown that the estimates of N20 from this source were based on a sampling artefact 

(Lyon et al., 1989; Muzio et al., 1989). Consequently, the implication of this re

evaluation is that the release of N20 from biological sources is even higher than 

previously thought and may be as high as 95 % of all emissions (Smith and Arah, 

1990). In New Zealand, livestock and management practices are thought to make a 

major contribution to N20 production with approximately 97 % of the N20 produced 

coming from the agricultural sector (ref ministry for environment). Sherlock et al. 

(1992) estimated a total soil flux of 118,000 tonnes N20 yr-1 for New Zealand with over 

40 % of this being identified as coming from anthropogenic sources. Estimated global 

sinks of N20 total 14.1 Tg N20-N yr-1 with estimated sources totalling 

7.9 Tg N20-N yr-1 (Robertson, 1993). This leaves an unidentified source of 6.5 Tg 

N20-N yr-1. Half of this unidentified source could come from temperate ecosystems 

(Robertson, 1993). There is obviously an urgent need to obtain more detailed 

information on mechanisms and sources of N20 production, not only to understand 

and identify sources of N20 but also to clarify global budgets of N20 sinks and 

sources. 

2.7 Summary 
This review has shown that knowledge of the processes affecting urinary nitrogen is 

limited. The fate of urinary nitrogen can have potentially significant consequences for 

the environment. Nitrate leaching has the potential to contaminate ground water with 

subsequent water degradation and health effects. The complex processes of nitrous 

oxide production from urine patches could also be potentially environmentally 

threatening by contributing to possible global warming and stratospheric ozone 

depletion. Present knowledge on the fate of urinary nitrogen appears to be largely 

limited to experiments conducted on mineral soils. Few experiments have been 

sufficiently detailed to enable construction of a nitrogen budget following the 

application of 15N-labelled urine. No experimenters appear to have attempted to 

directly measure denitrification and leaching concurrently. The fate of urinary nitrogen 

on peat soils is also unknown. The following chapters report work which attempts to 

address these gaps in the knowledge regarding the fate of urinary nitrogen. 
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Figure 2.2 Trend of estimated global N20 emission rates between 1880 and 1980 

(redrawn from Smith and Arah, 1990). 
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Introduction 

This chapter describes the basic materials and methods which were used in many, if 

not all of the experiments. Materials and methods which are specific to anyone 

experiment are described within the particular chapter dealing with that experiment. 

3.2 Soils 

3.2.1 Classification 

3.2.1.1 Organic soils 

Samples of peat were collected from two sites on the Moanatuatua peat area 

(85 km2), 16 km south east of Hamilton. These soils have been classified as 

oligotrophic, high moor peat (Davoren, 1978). Samples from site one, hereafter 

referred to as the 'old peat', came from peat where pasture was established more than 

25 years ago. The 0 to 30 cm depth of the old peat profile consisted entirely of 

decomposed peat. 

Site two, hereafter referred to as the 'young peat', had only been developed for 

approximately 15 years. The profile of the young peat comprised decomposed peat 

from 0 to 25 cm, with raw undecomposed peat below a depth of 25 cm. This 

undecomposed peat contained the remains of sedges, rushes and manuka scrub 

(Calorophus minor, Gleichenia dicarpa, Schoenus brevifolius and Leptospermum 

scoparium fragments (Davoren, 1978)). 

3.2.1 .2 Mineral soil 

The mineral soil, a Bruntwood silt loam, was collected from a site at the Ruakura 

Agricultural Research Centre, Hamilton. This soil is classified as a yellow-brown loam 

under the New Zealand soil classification system (Taylor and Pohlen, 1979) and as an 

Aquic Dystrandept in the USDA classification system (Singleton, 1991). It is a 

moderately well drained soil with a silt loam texture from 0 - 20 cm depth and a fine 

loamy sand from 20 - 70 cm depth. No permanent water table is present in the top 30 

cm at any time of the year, although at greater depths (> 40 cm), water tables can 

occur (Singleton, 1991). 
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3.2.2 Physical characteristics 

3.2.2.1 Bulk density 

Soil bulk density was determined by carefully collecting 20 cm diameter cores (30 cm 

long) and cutting these into 5 cm depth increments. These segments were oven dried 

to constant weight at 105 DC. Bulk density (Pb) was calculated as follows (Hillel, 

1980): 

(3.1 ) 

where Ms is the oven dry mass of soil and Vt is the total volume. 

3.2.2.2 Particle density 

Particle densities were determined by the pycnometer method of Blake and Hartge 

(1986). The particle density (pp) was calculated as follows: 

where 

pw = density of water at temperature observed (g cm-3), 

Ws = weight of pycnometer plus soil sample corrected to oven 

dry weight, 

Wa = weight of pycnometer filled with air, 

Wsw = weight of pycnometer filled with soil and water, 

Ww = weight of pycnometer filled with water at temperature 

observed. 

3.2.2.3 Porosity 

Using the values of bulk density and particle density, the soil porosity (S) was 

calculated as follows (Danielson and Sutherland, 1986): 

3.2.3 Chemical characteristics 

3.2.3.1 pH 

(3.2) 

(3.3) 

Moist soil samples (equivalent of 10 g oven dry soil) were mixed with distilled water 

(25 mL), stirred and allowed to stand overnight before measuring with a pH electrode 

(Blakemore et al., 1987). 
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3.2.3.2 Soil Fertility Service 'Quicktests' 

Soils were randomly sampled (0-7.5 cm depth) at the field sites and submitted for Soil 

Fertility Service (SFS) Quicktest analysis to determine pH, Ca, Mg, K, Na, P and S 

(these tests were previously known as 'MAF Quicktests' (Cornforth and Sinclair, 

1984)). 

3.2.3.3 Loss on ignition 

Air dried soils were weighed into silica crucibles and ignited in a muffle furnace (600 OC) 

until all organic matter had disappeared. The sample was then cooled in a desiccator, 

reweighed and the loss on ignition calculated (Blakemore et al., 1987). 

3.2.3.4 Hydrogen ion buffering capacity 

Hydrogen ion buffering capacity was assessed by adding 10 mL of 0, 0.01, 0.02, 0.03, 

0.04 and 0.05 M NaOH to 4 grams of dried soil and measuring the pH after six days, 

(Selvarajah et al. 1989; Ferguson et al., 1984). 

3.2.3.5 Total nitrogen and carbon 

Soil samples were air dried and finely ground « 150 f.lm) to prepare them for 

analysis. Total carbon was determined as C02 evolution following combustion in a 

'Roboprep' CN elemental analyser. Simultaneously, total Nand 15N concentration 

were determined in-line on a Tracermass isotope analyser (Europa Scientific, U.K). 

3.2.3.6 Inorganic-N 

Forms of inorganic-N analysed in soil samples included ammonium (NH4+), nitrite 

(N02-) and nitrate (N03-). Moist soil samples were first extracted with 2 M KCI (5 g 

oven dry soil: 50 mL 2 M KCI) in conical flasks on an end-over-end mechanical shaker 

for 60 minutes. The extract was then filtered (Whatman No. 40), analysed for 

inorganic-N and prepared for 15N analysis using Kjeldahl steam distillation apparatus 

(Hauck, 1982). Magnesium oxide, previously heated to 600 °C for 5 hours and cooled, 

was combined with 50 mL of the KCI extract in a 150 mL Kjeldahl flask and distilled 

until 40 mL of distillate had been collected. This converted any NH4+ in the KCI extract 

to ammonia which was distilled and trapped in 5 mL of 2 % aqueous boric acid 

solution. The distillate was then titrated (end point pH 5) with 0.025 M H2S04 to 

determine the amount of NH4+ in the sample. Devarda's alloy was then added to the 

Kjeldahl flask (which still contained the original KCI extract and reacted magnesium 

oxide) and distilled. This Devarda's alloy converted any N02- or N03- in the KCI 

extract to ammonia. After a further 40 mL of distillate had been collected (into the 

same beaker as the original 40 mL of distillate), this was titrated (end point pH 5) to 

determine the amount of (N02- + N03-)-N in the sample. The solution (80 mL) was 

adjusted to pH 4, placed in an oven at 60 0C and evaporated to dryness. This salt was 

then scraped from the surface of the container and placed in tin capsules ready for 

15N isotope determination on the Tracermass isotope analyser (Europa Scientific, 
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U.K). This resulted in a 15N isotope determination of the combined inorganic-N forms, 

i.e (NH4+ + N02- + N03-)-N. 

3.2.3.7 Organic-N 

Organic-N was determined on soil samples by calculating the difference between total 

N and inorganic N of the sample under analysis, as follows: 

No = Nt - Ni (3.4) 

where No is organic-N, Nt is total-N and Ni is inorganic-No 

3.2.3.8 Microbial biomass-N 

Soil microbial biomass-N was determined according to the method described by 

Sarathchandra et al. (1988). Microbial biomass-N represents the difference in 

extractable-N (0.1 M NaHC03), between chloroform fumigated (chloroform vapour for 

18 hours) and non-fumigated soil samples. 

3.2.3.9 Mineralizable-N 

Moist soil samples were extracted with 2 M KCI and then analysed for inorganic-N, as 

above. This gave the amount of inorganic-N present at time zero (to). At the same time, 

further moist soil samples were placed loosely in unsealed polythene bags, incubated 

at 37 °C for 7 days (Quin et al., 1982) and then extracted as above (time 1). 

(3.5) 

where Nm is mineralizable-N, Ni1 is inorganic-N at time 1 and NiO is inorganic-N at 

time O. Gravimetric soil moisture determinations were also made to allow results to be 

expressed on an oven dry basis. 

3.3 Soil core extraction and Iysimeter design 

Field Iysimeter casings were constructed from PVC pipe, 30 cm deep with an internal 

diameter of 18 cm. Unless otherwise stated, growth cabinet experiments examining 

denitrification fluxes employed smaller Iysimeters made from PVC pipe, 30 cm deep 

with an internal diameter of 8.5 cm. Lysimeters were carved carefully into the soil 

profile with minimum pressure, to prevent soil compaction. A cutting ring inserted in 

the bottom of each Iysimeter provided a sharp edge, making insertion into the soil 

easier, but more importantly creating an annular gap between the Iysimeter wall and 

the soil core. This gap was subsequently filled with liquefied petroleum jelly, which 

solidified to provide strong support for the soil core and Iysimeter during transport from 

field sites to experimental areas (Figure 3.1). 
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Figure 3.1 Cross section showing field Iysimeter design 

(a) Field Iysimeter minus water table treatment. 

pasture 

30cm -I!It--- soil core 

1llI--- Iysimeter wall 
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(b) Field Iysimeter with water table treatment 
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leachate to collection bottle 

base plate 
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Its main role, however, was to prevent edge flow of drainage and solutes between the 

soil core and Iysimeter wall (Cameron et al., 1990). Such flows can be substantial and 

lead to erroneous results if nothing is done to prevent them. The soil surface in the 

Iysimeters was 1 cm below the top of the lysimeter wall. In all experiments, the intact 

soil cores contained resident pasture. 

Some experiments had a water table treatment. This was achieved by adhering a 

piece of flat PVC on the bottom of the lysimeters and sealing the seams with 

waterproof sealants. A perforated 2.5 cm (internal diameter) PVC pipe was then 

placed in a hole which had been drilled horizontally through the lysimeter wall 1 cm 

above the base. Using three PVC right-angled bends and 2.5 cm diameter pipe 

lengths, a manometer was formed which ensured that once the water table level in the 

core reached 10 cm below the soil surface, drainage would then occur (see 

Figure 3.1). 

3.4 Synthetic urine composition 

The composition of the synthetic urine employed was based on previous work by 

Holland and During (1977) and Fraser (1992). It was made up of 23.33 g potassium 

bicarbonate; 6.70 g potassium bromide; 4.16 g potassium chloride; 2.29 g potassium 

sulphate and 4.84 g glycine per litre of distilled water. Sufficient urea (15N-labelled) 

was also added to achieve a N concentration of 10 g N L-1 and to provide an isotopic 

tracer. The specific details of the 15N concentration of the urea used and the rates of N 

application are presented separately in the chapters which follow. 

3.5 Ammonia volatilization 

Ammonia volatilization was determined using an enclosure method (Black et al., 

1985). Clear perspex covers were placed over the PVC lysimeters immediately 

following urine and simulated rainfall applications. Air was then drawn from inlet holes 

in the PVC casing across the surface of the soil cores to an outlet which led to an acid 

trap containing a 0.25 M H2S04 acid trap. The concentration and volume of acid was 

sufficient to trap all of the N applied if it volatilized. The ammonia concentration in 

these traps was determined using Kjeldahl distillation, after a 4 day trapping period. 

3.6 Herbage measurements and analysis 

3.6.1 Dry matter production and herbage composition 

Pasture was cut at regular intervals when it had grown to approximately 10 cm in 

height. The cutting height was 3 cm above the soil surface in all experiments unless 

otherwise stated. Where species composition was determined the entire sample was 

dissected into grass, clover and weed fractions. Dry matter yields were determined by 

drying the herbage at 60 °C for 48 hours. 
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3.6.2 Total plant N and isotopic composition 

All of the oven dried plant samples were coarsely ground and then finely ground 

«150 ~m), before being analysed for total-N and 15N concentration using the 

Tracermass stable isotope analyser in conjunction with the Roboprep-CN biological 

sample converter (Europa Scientific U.K). 

3.7 Leachate 

3.7.1 Collection 

Leachates were collected from the Iysimeters in 2 L plastic bottles and transferred to 

plastic storage containers as rainfall and subsequent drainage occurred. To prevent 

any microbial activity in the leachate, 1 mL of phenyl mercuric acetate (PMA) was 

added to the collection bottles at the start of each collection period. Thus, any leachate 

collected had microbial activity immediately suppressed. The total volume of leachate 

was collected and stored after each rainfall event regardless of the magnitude of that 

event. 

3.7.2 Analysis 

Leachate sub-samples were analysed for the following: 

(i) urea by an automated colorimetric method (Neumann and Ziegenhorn, 1977), 

(ii) ammonium (NH4+) using the Kjeldahl analysis method (Section 3.2.3.6), 

(iii) nitrate was measured by flow injection analyser, high pressure liquid 

chromatograph (HPLC), or by Kjeldahl distillation. Nitrite was measured in 

conjunction with nitrate on the high pressure liquid chromatograph. Any nitrite 

present in the leachates was converted to nitrate in the Kjeldahl distillation, 

(iv) other anions measured in the leachates by the HPLC included; bromide (Br-), 

chloride (CI-) and sulphate (S042-). Cations were measured using atomic 

absorption. These included potassium (K+), calcium (Ca2+), magnesium (Mg2+) 

and sodium (Na+). 

3.8 Denitrification 

3.8.1 Collection of gas samples 

3.8.1.1 Atmospheric gas samples 

Soil cores were enclosed with PVC end caps forming an air tight head space above 

the soil surface (Figure 7.2 depicts field Iysimeter gas sampling apparatus). A rubber 

septum was inserted into the top end cap for sampling. A hypodermic needle was then 
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inserted through the rubber septum to allow the head space air pressure to equilibrate 

with atmospheric pressure. This needle was then removed. Gas samples were 

collected 60 minutes later using a 60 mL plastic syringe (Monoject) fitted with a three

way plastic tap and a hypodermic needle (0.5 x 16 mm). The syringe needle was 

inserted through the rubber septum and a gas sample of 15 mL was extracted from the 

head space and placed in pre-evacuated 13 mL blood sample tubes (Vacutainers). 

This slight over pressure prevented the possibility of atmospheric air contaminating 

the sample. 

The head space height, the distance between the soil surface and the PVC cap, was 

approximately 10 cm in the field experiment and 1 cm in the growth cabinet 

experiments. This resulted in head space volumes of approximately 2550 mL and 57 

mL for the field and growth cabinet experiments respectively. Slight variations in head 

space volumes occurred due to undulations in the soil surfaces. Hence, more 

accurate head space volumes were determined by placing a thin plastic film over the 

soil surface and by filling the head space with water whilst the soil core was on a mass 

balance. From the weight of the added water the head space volume for each core 

was determined. 

3.8.1.2 Leachate gas samples 

To determine the magnitude of N20 loss in leachates, samples of leachate were taken 

during actual leaching events. Thus, samples were obtained before any possible 

diffusion of N20 out of solution could occur. To procure a representative sub-sample, 

5 mL of leachate was removed from the 2 litre leachate collection bottle and placed in 

a Vacutainer with the remaining Vacutainer head space consisting of ambient air at 

atmospheric pressure. The Vacutainer sample was then placed in a constant 

temperature room (25 OC) and left overnight to allow the liquid and gas phases to 

equilibrate. 

3.8.2 Analysis of gas samples 

3.8.2.1 Nitrous oxide 

Atmospheric N20 
1 

Gas sample analysis for N20 was based on the method of Mosier and Mack (1980). A 

gas chromatograph (Varian aerograph 'series 2800') was equipped with a 63Ni 

electron capture detector !(Pye Unicam) and two manually controlled switching valves 

(Valco Instruments Co. Inc.). Detector, switching valves and column oven 

temperatures were 350, 20 and 20 oC respectively. Attached to the first 10 port 

switching valve, hereafter called the sampling valve, were two separating columns {a 

1 m pre-column and a 3 m analytical column packed with Poropak Q (80/100 mesh)), 

a 1 mL sampling loop, carrier gas sources and syringes for sample loading 

(Figure 3J~). The second 4 port switching valve diverted the column flow into the 

detector (Figure 3.3). 
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Figure 3.2 Gas chromatograph 1 O-port sampling valve for N20 

(a) Position A; sample loop fill, 
sample analytical separation and 
precolumn backflush, valve turned 
right. 

syringe 2 
(vacuum) 

N2 carrier gas 1 
---II~+--{ 

(45 mL minute-1) 

syringe 1 
(sample in) 

(b) Position 8; initial sampling 
mode, valve turned left. 

syringe 2 
(vacuum) 

N2 carrier gas 1 

(45 mL minute-1) 

syringe 1 
(sample in) 

3 m analytical column 

1 mL sample loop 

1 mL sample loop 

4 port 
switching 
valve 

1 m column 

N2 carrier gas 2 

(45 mL minute-1) 

4 port 
f----II~ switching 

valve 

1 m column 

N2 carrier gas 2 

(45 mL minute-1 



Figure 3.3 Gas chromatograph 4-port switching valve 

(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 
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from 3 m analytical 
column 

vent 

from 3 m analytical 
column 

vent 

Gas samples were introduced into the sample loop by taking 1 mL sub samples of gas 

in the Vacutainer using a 60 mL glass syringe with a 3-way tap. 

With the sampling valve in position A (Figure 3.2), the sample loop and loading 

syringes could be purged with atmospheric air and reloaded with a fresh sample while 

the previous sample travelled through the analytical column and while the pre-column 

was being back flushed with carrier gas, thus preventing interference from 

fluorocarbons and water vapour. 

Once the previous sample had passed through the detector and the result recorded, 

the loaded sample was injected by switching both valves to position B (Figures 3.2 

and 3.3). This caused the sample to be swept through the pre-column and analytical 

column. After 2.17 minutes, when the oxygen peak had passed out through the vent 

on the switching valve, both valves were returned to position A. This meant that the 

sample continued on to the detector minus the oxygen which would have overloaded 

the detector and caused interference with the N20 peak. 

The N20 peak was recorded on chart paper and the peak area was automatically 

integrated (Waters 740 data module). The retention time of the N20 peak was 4.3 

minutes. This allowed up to 12 samples or references to be analysed each hour. 
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Gas standards were prepared from an industrially prepared gas standard (89 ppm ± 2 

ppm). The standard concentrations were ambient air (assumed to be 0.31 ppm), 0.53, 

0.75, 1.05, and 7.74 ppm. A linear standard curve was derived from these standards 

and their respective integrated peak areas. 

N20 dissolved in leachates 

A 1 mL sample of gas was removed from the Vacutainer and analysed as described 

above. The concentration of N20 in solution was calculated as follows (Davidson and 

Firestone, 1988): 

(3.6) 

where a is the Bunsen coefficient (mL of gas at standard temperature and pressure 

absorbed by 1 mL of water; 0.544 at 25 oC; (Tiedje, 1983)). 

The total N20 present in the Vacutainer was calculated using the following equation 

from Tiedje (1983): 

M = Cg x [Vg + (VI x a)] (3.7) 

where M is the total N20 present in the Vacutainer (JlL), Cg is the head space gas 

concentration (JlL L-1), Vg is the volume of gas (L), VI is the volume of liquid (L) and a 

is the Bunsen absorption coefficient. The concentration of N20 in the flask solution (or 

soil leachate solution), was then calculated as follows (Davidson and Firestone, 

1988): 

Concentration N20 in leachate = MNI (3.8) 

where M and VI are as defined above. 

3.8.2.2 Dinitrogen 

A 15N method was used to quantify 15N2 fluxes rather than the more commonly used 

acetylene inhibition method because of several potential problems with the latter 

method. These include the problem of maintaining an adequate concentration of 

acetylene throughout the soil core, denitrifying organisms recovering from the 

inhibitory effect of the acetylene, acetylene inhibiting nitrification which in turn affects 

the supply of substrate for denitrification and the potential for acetylene to act as an 

energy source if carbon supply is limiting (Hauck, 1986). 
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15N-labelled dinitrogen was determined by using an isotope ratio technique involving 

application of synthetic urine-N highly enriched in 15N (50 atom %), to soil cores. The 

subsequent result from the triple collector provided the ratios of 28N2 (14N + 14N), 

29N2 (14N + 15N) and 30N2 (15N + 15N). Using the equations of Mulvaney and Boast 

(1986), the flux of 15N-labelled nitrogenous gases could be calculated. The equations 

of Mulvaney and Boast (1986) are based on only one assumption; that the N2 evolved 

from the soil treated with the 15N-labelled N can be considered to have originated 

from a single pool of nitrate which is isotopically uniform. These equations of 

Mulvaney and Boast (1986) are more accurate than the equations used in previous 

work where several other assumptions were also required (Siegel et a/., 1982; 

Mulvaney and Kurtz, 1982). A full description of the derivation of the equations used 

here can be found in Mulvaney and Boast (1986), while other papers review these 

and earlier work (Hauck et a/., 1958; Hauck et a/., 1961; Mulvaney and Kurtz, 1982; 

Siegel et a/., 1982; Mulvaney, 1984; Mulvaney and Kurtz, 1985; Boast et a/., 1988; 

Vanden Heuvel eta/., 1988; Mulvaney, 1988; M!i1\u.l\)'a~\la~lk'ivei~, 1988; Mulvaney, 1991). 

The following equations were used for 15N determinations (Mulvaney and Boast, 

1986): 

The mole fraction of 15N in the N pool from which the N2 was derived (15XN): 

15XN = (-B + (B2 - 4AC)1/2)/2A (3.9) 

where; 
A = 1 - 2y + 2(1 - y)(~r'"/~r") (3.10) 

B = 2(y)2 - 2(1 - y2)(~rll/~r") (3.11 ) 

C = 2y(1 - y)(~r"l/~r")- y2 (3.12) 

(3.13) 

(3.14) 

Y is the mole fraction of 15N in atmospheric N2. 

~r" is the difference between the reference value of r" and the sample value of 
II ( II II ) r r sample - r ref . 

~r"l is the difference between the reference value of r'll and the sample value of 
III ( III III ) r r sample - r ref . 



47 

Similarly, d is a fraction proportional to the amount of 15N-labelled N2 in the 

atmospheric sample analysed: 

d = (~r"(1- y)2)/[(2(1- 15XN)(15XN - y)/(1-y) + ~r"(1- y)2 - ~r"(1-15XN)2] (3.15) 

Gas samples were collected as noted above and analysed immediately. A 10 port 

switching valve (Valco Instruments Co. Inc.), was installed on the Roboprep-CN 

biological sample converter (Europa Scientific U.K). This was placed after the sample 

oxidation chamber but before the copper reduction column. This system meant that any 

other nitrogenous gases, e.g N20, would be reduced to N2 and their isotope ratio 

analysed by the Tracermass isotope analyser (Europa Scientific, U.K). A check was 

done to ensure complete reduction of several N20 standards. It was found that 

reduction of the N20 was greater than 96 % and was considered to be effectively 100 

%. 

With the switching valve in position A (Figure 3.4), a 4 mL gas sample was withdrawn 

from a Vacutainer, using the No.1 glass syringe (10 mL) which filled the No.1 

sampling loop (0.5 mL ). The 3-way tap was then shut, sealing the sample from the 

ambient atmosphere. When the valve was switched to position S, the sample in 

sample loop No.1 was carried in the carrier gas to the reduction column for 

subsequent analysis. While in position S, a further sample could be loaded ready for 

analysis in sample loop NO.2. A total of 12 samples per hour were analysed. A 

reference (ambient air) was analysed after every 3 samples and always placed in the 

same sampling loop. 

The values needed to calculate 15XN and d were obtained as the non-drift corrected, 

raw, integrated 28N2, 29N2 and 30N2 peak areas. Actual calculations, including 

corrections for any instrumental drift, were performed 'off line' using a Mac .intosh LCIII 

microcomputer. 

As mentioned above, any other 15N-labelled gases apart from N2 would have been 

reduced to N2 on the copper reduction column. The only other major contributor, N20, 

was determined independently by gas chromatography (Section 3.8.2.1). Thus, 15N

labelled N2 fluxes may be calculated by subtracting these N20 fluxes from the mass 

spectrometer measured total 15N gas fluxes. In the subsequent chapters, however, it 

is the total 15N-labelled gases, rather than N2 and N20 per se which are most 

relevant. 
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Figure 3.4 Mass spectrometer 10-port sampling valve 

r-----_~ to reduction column and detector 

helium carrier gas in 

0.5 mL sample loop 

sample 1 out 

sample 1 in 

0.5 mL sample loop 

n-t-___ ~ sample 2 out 

sample 2 in 

Position A: Sample 1 is loaded while sample 2 is analysed 

helium carrier gas in 

0.5 mL sample loop 

sample 1 out 

sample 1 in 

r-----_~ to reduction column and detector 

0.5 mL sample loop 

rr+-___ ~ sample 2 out 

sample 2 in 

Position B: Sample 2 is loaded while sample 1 is analysed 
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3.9 Calculation of 15N application and recoveries 

Calculation of 15N requirements to ensure adequate experimental precision were 

determined using the method of Cabrera and Kissel (1989). The experimental 

chapters (4 to 8) describe in detail the specific enrichments and rates of N used for 

each experiment. 

Recovery of 15N applied was also determined using the equation of Cabrera and 

Kissel (1989): 

N recovered % = 100 x (p(c-b))/(f(a-b)) (3.16) 

where; p = moles of N in the labelled sample 

f = moles of N in the urine applied 

c = atom % 15N abundance in the labelled sample 

a = atom % 15N abundance of the urine 

b = atom % 15N abundance of unlabelled sample 

3.10 Statistical analysis 

All statistical calculations were performed using the 'Genstat' statistical package. In 

the tables and figures that follow, comparisons between means can be made using 

the 'standard error of the difference between sample means' (s.e.d) which is 

presented. To compare differences between treatment means (5 % level of 

significance) an L.S.D. can be calculated by multiplying the t value (0.05) by the s.e.d .. 

In the field experiment, for example, there were 3 replicates and 6 treatments which 

equates to 10 degrees of freedom (d.f.) and t= 2.228. Hence a L.S.D. (5 %) equals 

2.228 multiplied by the s.e.d .. 
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4.1 Introduction 

Results of measurements taken to assess the three soils chemical and physical status 

are described below. The materials and methods used in these measurements have 

been previously noted in chapter 3. 

4.2 Soil physical characteristics 

Soil bulk density of the young peat (YP) soil decreased with depth while in the old 

peat (OP) it remained relatively constant. Bulk density values of the Bruntwood silt 

loam (BW) were higher than in the peat soils (Table 4.1). The values of the OP and YP 

bulk densities are typical of peat soils and are similar to other reported values for 

Waikato peats (Joe, 1986; McLay et al., 1992). 

Table 4.1 Bulk density of experimental soils versus depth. 
(numbers in brackets equal the standard error of the mean). 

Soil deQth Soil 

(cm) YP OP 

0-5 0.16 (0.01) 0.27 (0.01) 

5-10 0.20 (0.01) 0.26 (0.01) 

10-15 0.16 (0.01) 0.25 (0.01) 

15-20 0.12(0) 0.25 (0.01) 

20-29 0.09 (0.01) 0.26 (0.01) 

BW 

1.06 (0.03) 

1.14 (0.13) 

1.06 (0.02) 

1.12 (0.08) 

1.21 (0.16) 

The mean bulk density over the 29 cm soil profile depth was used, with the associated 

particle density, to calculate soil porosity values (Table 4.2). Relatively large 

differences in soil bulk density and particle density occur between the 3 soils, and this 

is also reflected in their porosity values. Porosity of Waikato peat soils have been 

reported as ranging from 74 to 86 % (Joe, 1986; McLay et al., 1992). Hence, the 

values shown in Table 4.2 for the OP and YP soils can be considered typical. 

Table 4.2 Physical characteristics of experimental soils. 
(numbers in brackets equal the standard error of the mean). 

Soil Mean bulk p Particle p Porosity 
(g cm-3) (g cm-3) 

BW 1.11 (0.02) 2.40 (0.01) 0.538 

OP 0.26 (0.01) 1.65 (0.01) 0.842 

YP 0.14 (0.03) 1.61 (0.05) 0.913 

Pore Volume 
(cm3) 

3900 

6105 

6619 

* Calculated for a total soil core volume of 7250 cm3 

* 



4.3 Soil chemical characteristics 
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4.3.1 Soil Fertility Service Quicktests 

The pH values of the OP and YP soils decrease with depth and are generally lower 

than the corresponding pH values for the BW soil (Table 4.3). Soil pH values less than 

5.7 may be considered low (Cornforth, 1980). The most acidic soil was the YP. 

Higher Ca levels in the OP and YP soils are probably a result of extensive lime 

application and incorporation. Levels of K, P and S are higher in the BW soil than 

either the OP or YP soils. On the basis of these quicktests the BW soil can be 

classified (Cornforth, 1980) as being of medium to high fertility. The OP and YP soils, 

while being high in some nutrients, have a low to medium fertility status. 

Table 4.3 Soil Fertility Service Quicktests 

Soil Depth Nutrient and pH level 

(em) 

Ca Mg K P S pH 

BW 0-5 6 17 20 38 58 5.5 

5-10 4 8 12 16 93 5.4 

10-15 2 5 7 16 172 5.1 

15-20 2 4 6 8 245 5.1 

20-25 2 7 3 4 264 5.7 

OP 0-5 18 19 3 16 16 5.2 

5-10 19 15 1 10 6 5.1 

10-15 16 15 1 9 6 5.0 

15-20 19 18 1 10 6 4.9 

20-25 15 15 10 8 4.7 

YP 0-5 11 17 4 17 18 4.9 

5-10 9 15 18 34 4.6 

10-15 9 17 1 13 32 4.5 

15-20 4 11 1 13 44 4.1 

20-25 1 4 1 17 72 3.8 
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Cation exchange capacity (CEC) also varied between the 3 soils (Table 4.4). This is 

not surprising since one component of a soil which influences the CEC is the organic 

matter content. The CEC of the BW soil decreased from medium to low with increasing 

depth, while the OP soil CEC remained very high and constant throughout the profile. 

Although the CEC of the YP also decreased down the profile it remained very high 

(Taylor and Pohlen, 1979). The dominant exchangeable cation in the OP and YP soils 

was Ca. Again this was due to the history of lime additions. It can be seen that while 

other exchangeable cations remained relatively constant in the YP soil with increasing 

depth, Ca actually decreased since lime had not been fully incorporated into the 

whole soil profile. 

Table 4.4 Soil Cation Exchange Capacity and Exchangeable Cations 

Soil Depth Exchangeable Cations CEC 
(em) (me/100 grams) (me/100 grams) 

Ca K Mg Na 

BW 0-5 9.7 1.55 1.25 0.18 14.3 

5-10 5.6 0.82 0.47 0.12 9.2 

10-15 2.6 0.44 0.25 0.11 6.8 

15-20 2.0 0.31 0.20 0.14 5.4 

20-25 2.5 0.15 0.32 0.19 4.5 

OP 0-5 45.0 0.57 2.62 0.71 45.9 

5-10 45.6 0.15 2.65 0.34 45.6 

10-15 45.1 0.17 2.62 0.34 45.3 

15-20 44.3 0.15 2.59 0.32 45.5 

20-25 43.3 0.15 2.65 0.34 45.2 

YP 0-5 38.7 1.18 3.46 0.73 42.6 

5-10 38.5 0.36 3.61 0.65 41.7 

10-15 37.5 0.29 3.80 0.64 41.2 

15-20 28.9 0.31 3.54 0.57 33.9 

20-25 14.7 0.40 3.96 0.50 28.4 
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Loss on ignition is a function of the amount of organic matter in the soil. The BW soil 

(Table 4.5) showed decreased loss on ignition with increasing depth. This is largely 

because most of the organic matter in the BW soil occurred in the surface horizon. In 

the OP and YP soils, organic matter was distributed throughout the profiles and in 

much larger quantities. Thus loss on ignition was higher in the OP and YP soils. The 

OP soil had a smaller loss on ignition than the YP soil since it was a more mineralized 

peat. The trends in the loss on ignition were reflected in the percentage of C in the 

soils (Table 4.6). The BW soil has medium to low C levels while the OP and YP soils 

have very high C levels (> 40%). Other reported values for loss on ignition of Waikato 

peat soils concur with the values reported here (Joe, 1986; McLay et al., 1992). 

Table 4.5 Loss on Ignition (% dry weight remaining after ignition) 
(numbers in brackets equal the standard error of the mean). 

Degth Soil 

(em) BW OP YP 

0-5 73.17 (0.22) 13.81 (0.23) 6.80 (0.25) 

5-10 75.73 (0.64) 12.00 (0.85) 5.93 (0.17) 

10-15 77.37 (0.90) 13.17 (0.93) 5.33 (0.59) 

15-20 80.77 (0.64) 13.00 (0.30) 4.00 (0.79) 

20-25 83.82 (0.82) 12.90 (0.74) 3.46 (0.79) 

Table 4.6 Changes in soil carbon content with depth (%) 

Degth Soil 

(em) BW OP YP 

0-5 8.7 46.8 48.7 

5-10 6.6 48.2 48.5 

10-15 5.7 47.9 48.5 

15-20 4.3 48.1 49.9 

20-25 2.1 49.3 53.0 
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Figure 4.1 shows the buffer curves of the 3 soils six days after hydroxide ion additions. 

It can be seen that the pH of the BW soil increased the most, hence, this soil was less 

resistant to a change in pH and had a lower buffering capacity than the peat soils. 

Therefore any processes which may alter a soils pH (e.g. urea hydrolysis following 

urine deposition) should have less of an effect on the peat soils. 

Buffering capacity is a function of CEC. As noted above both the OP and YP soils have 

higher CEC values than the BW soil and this is most likely to be the reason for the 

better buffering capacity of the peat soils. Buffering capacity of a soil is important with 

regard to ammonia volatilization. Generally the lower the buffering capacity of a soil 

the more likely it is that ammonia volatilization will occur (Selvarajah et al., 1989; 

Reynolds and Wolf, 1987). 

Figure 4.1 Soil buffer curves six days after hydroxide addition. 
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CHAPTER 5: PRELIMINARY L YSIMETER EXPERIMENTS 
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5.1 Introduction 

Prior to undertaking a major field experiment and committing resources to such an 

experiment, it was considered prudent to make some initial observations on what the 

major loss pathways of urinary-N might be, if any. 

The objectives when undertaking these experiments were to: 

(a) make preliminary measurements of the 15N recovery and potential loss 

pathways of 15N-labelled urine when applied to ryegrass/white clover 

pasture on two peat soils (old and young) and one mineral soil from the 

Waikato district. 

(b) examine whether the presence of a water table near the surface of the 

soil (-10 cm) affected these loss pathways. 

Results and discussion on these preliminary Iysimeter experiments have been kept to 

a minimum. The subsequent field experiment (Chapter 7) discusses in more detail the 

trends and differences between the soils. 

5.2 Experimental design 

Experiment 1 (a) consisted of 5 treatments replicated three times. The treatments were: 

Bruntwood silt loam minus a water table ................................. BW-

Old peat plus a water table ......................................................... OP+ 

Old peat minus a water table ...................................................... OP-

Young peat plus a water table .................................................... YP+ 

Young peat minus a water table ................................................. YP-

Additional to these treatments were 75 small cores (15 cm long x 9 cm diameter) 

which were used to monitor nitrification rates of the soil treatments. The 75 cores 

consisted of the 5 treatments, replicated 3 times and 5 destructive sampling dates (1, 

2, 4, 6 and 8 weeks after synthetic urine application). This experiment was conducted 

in a glasshouse at an average temperature of 23 ac. 

Experiment 1 (b) consisted of 6 treatments replicated 3 times. These treatments were 

the same as for experiment 1 (a) but also included a further treatment: 

Bruntwood silt loam plus a water table ................................... BW+ 

This experiment was conducted in a controlled temperature room at a constant 8 ac. 



5.3 Specific materials and methods 
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Unless otherwise stated, materials and methods apply to both experiments 1 (a) and 

1 (b). 

Soil cores were extracted into field Iysimeters (Section 3.3), water tables were 

simulated and 1 pore volume of water was applied to leach out any residual 

inorganic-No Herbage was trimmed to 3 cm from the soil surface and the cores were 

placed at their respective temperature sites to equilibrate for 1 week while being kept 

at field capacity. 

Cow urine was collected from one of the Ruakura Agricultural Research Centre dairy 

farms and stored at 2 °C for 4 hours while its N content was determined. The N content 

was raised from 2 g N L-1 to 8 g N L-1 by addition of 15N-labelled urea so that a final 

enrichment of 2 atom % 15N was achieved. 

Urine was applied by pipette to soil cores at a rate of 500 kg N ha-1 (155 mL of 

8 g N L-1 per core). This was allowed to soak in before 250 mL of distilled water was 

applied to simulate 10 mm rainfall. Ammonia volatilization measurements (Section 

2.5) were performed for 4 days to check whether ammonia loss had been prevented. 

Simulated rainfall (600 mL, equivalent to 24 mm of rain) was then applied once per 

week to all cores. 

Experiments 1 (a) and 1 (b) ran for 11 and 14 weeks respectively. Measurements taken 

over this time included herbage cuts (3 for experiment 1 (a), 1 for experiment 1 (b)) and 

leachate collection. Upon completion of the experiments, soil cores were partitioned 

into 5 cm depths, sieved (0.4 cm) and roots were extracted. Soil samples were then 

analysed for organic-N and inorganic-N fractions. Determination of 15N was then 

undertaken on plant and soil samples and 15N recoveries calculated. 

5.4 Results and discussion 

5.4.1 Nitrification in experiment 1 (a) 

Figures 5.1 a and 5.1 b show formation of ammonium and nitrate respectively in the 

surface (0 to 5 cm) of the soils, over 8 weeks in experiment 1 (a). The presence of a 

water table resulted in greater persistence of ammonium over an 8 week period. The 

ammonium concentration peaked earlier in the soils when no water table was 

present. Over weeks 4 to 8 there was more ammonium in the YP- treatment than the 

OP- or BW- treatment. 
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Figure 5.1 Effect of water table and soil type on (a) ammonium and (b) nitrate 

concentration in the 0-5 cm layer of soil (error bars are + one standard error of the mean). 

400 
(a) 

---- yp+ - yp-
'0 300 
(J) 

Op+ lY) ...........-
'E 
(,) -4- Op-z 200 , 
+ -0- BW-'<t 
I 
Z 
Ol 100 
:i. 

0 
0 2 4 6 8 

weeks after urine addition 

200 

'0 
(J) 

"? 
E 
<.:l 

Z 100 , 
(Y) 

0 z 
Ol 
::1. 

0 
0 2 4 6 8 

weeks after urine addition 

Nitrate content in the surface of these soils over time generally showed a reverse of 

the trends occurring with ammonium, consistent with the process of nitrification. Soil 

nitrate concentrations were higher in the absence of a water table (Figure 5.1 b). The 

nitrate concentrations also peaked at different times with the nitrate concentration in 

the YP- treatment peaking later than the BW- and op- treatments (Appendix 1). The 



decrease in nitrate concentration may be due to nitrate being lost from the 0 to 5 cm 58 

zone. Nitrate concentrations were never as high as the ammonium concentrations 

which suggests that nitrate was being lost from the 0 to 5 cm zone either through plant 

uptake, leaching to lower soil depths or denitrification. Some movement of nitrate 

down the soil profile was evident from measurements in the 5 to 10 and 10 to 15 cm 

layers. Concentrations in the deeper layers exceeded those in the 0 to 5 cm layer at 

week 2 in the BW- treatment and at weeks 4 and 6 in the op- treatment (Appendix 1). 

Figures 5.1 a and 5.1 b show the rate of decline in ammonium and the accumulation of 

nitrate to be of the order BW- > op- > YP-. Thus it is consistent with nitrification being 

of this order. The water table also decreased the rate of nitrification which is consistent 

with anaerobic conditions reducing activity of the nitrifying bacteria. Consideration of 

the factors known to influence nitrification (Section 2.5.2) may provide some reasons 

for the trends observed in Figures 5.1 a and 5.1 b. Nitrification is known to be inhibited 

by low pH, anaerobic conditions or water logging, lack of microbial nutrients 

(especially P) and high ammonium concentrations. The greatest contrast in these 

factors existed between the BW and YP soils. The YP soil had a lower pH and lower 

soil fertility (Table 4.3). Peat soils will also hold more water than the BW soil creating 

more anaerobic conditions thus slowing nitrification. Hence all these factors suggest 

that the peat soils (OP and YP) should nitrify at a slower rate than the BW soil. In the 

OP, soil levels of soil fertility and pH were intermediate between the BW and YP soils, 

and nitrification rate in the OP soil was also intermediate between the YP and BW 

soils. Another possible explanation for differences in nitrification could be differences 

in bacterial populations. For instance, Maltby (1975) examined the effects of 

reclamation of moorland soils by ploughing in lime and slag and found reclamation 

enhanced bacterial activity. Rangely and Knowles (1988) also showed that nitrifying 

bacteria only survived in limed peat (Section 2.5.2). The OP soil had a longer history 

of development, thus nitrifier numbers could be higher in the OP soil than in the YP 

soil. 

5.4.2 Transformations of urine nitrogen in experiments 1 (a) and (b) 

The aim of this section is to examine and discuss the dominant loss pathways of the 

urine nitrogen identified in these preliminary experiments. Detailed explanations for 

these losses will be given in the following chapters (6, 7 and 8), while this chapter 

provides a broad overview. 

5.4.2.1 Ammonia volatilization 

Ammonia volatilization accounted for less than 0.1 % of the N applied indicating that 

application of 10 mm of water was effective in stopping this loss process occurring. 

5.4.2.2 Plant uptake 

Plant uptake of 15N in experiment 1 (a) was influenced by soil type and there was a 

soil by water table interaction (Table 5.1). Uptake was highest in the old peat and was 
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may have enhanced denitrifying conditions thus increasing competition for inorganic

N and reducing plant uptake. Alternatively anaerobic conditions due to the water table 

may have created conditions unsuitable for plant uptake of inorganic-N which was 

mainly ammonium in the soils with a water table. In experiment 1 (b), plant uptake was 

low « 3% of 15N added) and did not differ significantly between treatments (Table 

5.2). The low temperature (and possibly inadequate lighting for optimum plant growth) 

contributed to low dry matter production and the resulting low uptake of 15N in 

experiment 1 (b). 

Table 5.1 Percent recovery of 15N-labelled urinary N in plant, soil and leachate in 
experiment 1 (a), (soils at 230 G). 

Treatmenta s.e.d 

op+ op- vP+ vp- BW-

Plant uptake 30.7 48.6 25.6 29.6 36.3 4.0 

Soil organic N 13.6 19.1 14.8 51.8 18.9 3.6 
Soil inorganic N 

ammonium 12.6 0 26.3 0.2 0.6 5.5 
nitrate 0.1 0 0 0.1 17.9 1.0 

total 12.7 0 26.3 0.3 18.5 5.6 

Leachate 0 0.2 0.2 0.7 0.4 0.4 

Total N recovered 57.0 67.9 67.0 82.5 74.1 6.0 

Apparent loss 43.0 32.1 33.0 17.5 25.9 6.0 

a Peat soil twenty years development (OP), peat soil ten years development (VP), Bruntwood silt loam 
(BW), water table present (+) or absent (-). 

5.4.2.3 Immobilization 

Immobilization of 15N into the soil organic-N was similar for all treatments in 

experiment 1 (a), except for much greater immobilization in the YP- treatment. In 

experiment 1 (b), immobilization was of the order BW > OP > YP and there was no 

water table effect. Immobilization occurred predominantly in the 0 to 10 cm depth 

which was above the height of the water table. Immobilization of N is affected by many 

factors, (Section 2.5:1), such as the GIN ratio and aerobic conditions ( water logging). 

In experiment 1 (a), the high immobilization of 15N in the YP- treatment could possibly 

be due to this less developed peat having more available G for microbial 

immobilization of N compared to the more developed OP or BW soils. Greater 

immobilization occurred in experiment 1 (b) than 1 (a), possibly due to more 15N being 

available since plant uptake was much lower. The lower temperature in experiment 

1 (b) will have meant slower rates of nitrification, and the presence of ammonium for 

longer periods than in experiment 1 (a) may also have contributed to greater 

immobilization. 
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It is important to note that the inorganic-N fraction in the soils at the end of both 

experiments was predominantly NH4+. An exception was the BW- treatment 

experiment 1 (a) where N03- predominated. Possible reasons for NH4+ dominating in 

the OP and YP soils, may be the slower nitrification rates of these soils with any nitrate 

formed being rapidly denitrified, immobilized or utilized by plants. There was less 

inorganic-N in experiment 1 (a) than in 1 (b). Presumably this was due to enhanced 

plant uptake and warmer soil temperatures promoting microbial processes such as 

denitrification and immobilization. The cooler temperature in experiment 1 (b) would 

have slowed nitrification compared to experiment 1 (a). 

Table 5.2 Percent recovery of 15N-labelled urinary N in plant, soil and leachate in 

experiment 1 (b), (soils at 8 oC). 

Treatmenta s.e.d 

op+ op- YP+ YP- BW+ BW-

Plant uptake 2.5 1.6 1.2 1.5 1.5 0.8 0.6 

Soil organic N 27.0 25.4 15.7 14.9 34.6 37.8 7.6 
Soil inorganic N 
ammonium 39.0 14.1 36.9 25.2 59.5 6.7 4.0 

nitrate 0 0.4 0 0 0.4 5.3 1.0 
total 39.0 14.5 36.9 25.2 59.9 12.0 4.2 

Leachate 1.2 11.0 8.3 18.0 4.1 26.6 2.3 

Total N recovered 69.4 52.5 62.1 59.5 99.9 77.3 5.7 

Apparent loss 30.6 47.5 37.9 40.5 0.1 22.7 5.7 

a Peat soil twenty years development (OP), peat soil ten years development (YP), Bruntwood silt loam 
(BW), water table present (+) or absent (-) 

5.4.2.5 Leaching 

The volume of leachate collected in experiment 1 (a) ranged from 0.16 to 0.56 pore 

volumes while in experiment 1 (b) the range was 1.30 to 1.73 pore volumes. In 

experiment 1 (a), leaching represented < 1 % of 15N recovered in all treatments (Table 

5.1). However in experiment 1 (b) (Table 5.2) significant leaching occurred and was 

greatest in the absence of a water table in all soils. The presence of a water table and 

a lower soil temperature in experiment 1 (b) may have caused slower nitrification of 

ammonium thus preventing it from leaching due to reactions with cation exchange 

sites. 
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Total recovery of added 15N in plants, soil and leachates differed significantly 

between treatments in experiment 1 (a) with 10-15 % more recovery in young peat 

than in the old peat soils (Table 5.1). This was due to a large percentage recovery of 

15N in the organic-N fraction of the YP- treatment. In experiment 1 (b), significantly 

higher average recoveries were achieved in the BW soil (88.6 %) than in the OP or YP 

soils (60.9 and 60.8 % respectively). Higher average recovery in the BW soil was due 

to more 15N being recovered either as inorganic-N (BW+) or in leachate (BW-) 

compared to the peat soils. The average total recovery from the water table treatments 

across all soils in experiment 1 (a) was 62.0 % with a water table and 72.5 % without a 

water table (p < 0.01) while the reverse occurred in experiment 1 (b) with 77.1 % and 

63.1 % recovery respectively (p < 0.01). Lower total 15N recovery in the presence of a 

water table, (experiment 1 (a», was probably due to enhanced denitrification. In 

experiment 1 (b) the lower temperature would not have favoured biological processes 

such as denitrification as much as in experiment 1 (a) (see Chapter 6 for effect of 

temperature on denitrification). There were no interactions between soil type and 

water table treatments with respect to total 15N recovery in either experiment. 

Apparent loss of 15N mirrored the differences in total recovery. The apparent losses in 

experiment 1 (a) were higher in young and old peats when a water table was present, 

while in experiment 1 (b) these same soils had higher losses in the absence of a water 

table. 

5.5 Conclusions 

These two initial experiments have shown that soil type and water table can affect the 

fate of urine 15N. Losses of urine 15N occurred by leaching under cool conditions 

while denitrification losses occurred under warm and cool conditions. Of particular 

note are: 

(i) nitrification rates were different between soils and were slowed by the 

presence of a water table, 

(ii) the apparent losses due to denitrification were substantial and ranged from 18 

to 48 % of the labelled N applied, 

(iii) the form of inorganic-N which accumulated in soil was predominantly 

ammonium, 

(iv) significant leaching occurred under cool conditions, which was greater in the 

BW soil, but was reduced if a water table was present. 

Therefore it was decided that further research was required to attempt to measure the 

denitrification loss in the three soil types under study. 
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CHAPTER 6: FIRST DENITRIFICATION EXPERIMENT 

6.1 Introduction 
The initial Iysimeter experiments presented in Chapter 5 indicated that significant 

denitrification losses occurred from applied urinary N, as measured indirectly by the 

difference in application and recovery of 15N. The objectives of this next experiment 

were to: 

(i) attempt to measure these denitrification losses directly, and 

(ii) determine the effects that urine application, temperature and soil type might 

have on denitrification. 

6.2 Experimental design 

A replicated factorial design was used. Treatments included two temperatures (8 or 

18 OC), two soils (Bruntwood silt loam (BW) or old peat (OP)), and two N levels (+ or

urine). These treatments were replicated four times giving a total of 32 cores. 

6.3 Specific materials and methods 
The experiment was conducted in controlled-temperature growth cabinets at Lincoln 

University and ran for a period of thirty days. 

Intact soil cores were extracted in 9 cm diameter PVC pipes 20 cm long. These had 

PVC end caps fitted during gas collection to create a 1 cm head space. 

Originally, it was intended to use 15N-labelled urine on all'+ urine' treated cores. Due 

to lengthy and unforeseen delays in shipment of the isotope, however, a decision was 

made to proceed with a small amount of isotope already in stock. This meant that only 

some cores received 15N-labelled urine as noted below. 

Synthetic urine was made according to the urine mixture previously described 

(Section 3.4). Four '+ urine' cores received artificial urine made with 15N-labelled urea 

so that the enrichment equalled 50 atom % 15N while the remaining 12 '+ urine' cores 

received unenriched urea. 

In the 15N enriched urine-treated cores, the object was to try to measure the relative 

amounts of N2 and N20 produced. It was necessary to decide whether to apply the 

limited amount of enriched urine to the 8 °C or 18 °C treatment. Previous research has 

generally shown increasing denitrification (and greater N2:N20 ratios) with increasing 

temperature (Haynes and Sherlock, 1986) and therefore 15N-labelled urea was 

confined to the 18 °C treatment. It was applied to 2 replicates of the BW soil and 2 

replicates of the OP soil. 
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Synthetic urine (9.6 g N L-1) was applied at a rate equal to 420 kg N ha-1 (25 mL urine 

per core), which was allowed to soak into the soil before 60 mL of water was added to 

eliminate any potential ammonia volatilization. 

Prior to synthetic urine application, plants were trimmed to the surface of the soil. 

Cores were watered every second day with 40 mL of distilled water, thereby 

maintaining cores at field capacity and providing leachates which were analysed for 

dissolved N20. 

Measurements included analysis of N20 and N2 in gas samples from core head 

spaces, N20 in leachate samples and inorganic-N in soil cores at the end of the 

experiment, all of which were described previously (Chapter 3). 

6.4 Results and discussion 

6.4.1 Denitrification fluxes of nitrous oxide 

The effects of synthetic urine addition and temperature on N20 fluxes, in the OP and 

BW soils, can be seen in Figure 6.1. For convenience in interpretation, the N20 fluxes 

are expressed in units of kg N20-N ha-1 day-1. Data in Figure 6.1 is untransformed 

with accompanying standard errors of the means to illustrate the large variability in the 

data. The distribution of the data was skewed. Tiedje (1989) discussed the analysis of 

skewed denitrification data and noted that comparisons of experimental treatments('tS;; 

best made by log transforming skewed data. Therefore a log transformation (log10 

y+ 1) was performed and subsequent statistical analyses performed on the 

transformed data. An analysis of variance was performed on the transformed data for 

each day of the experiment. The means of the transformed data are presented versus 

time in Figure 6.2. Untransformed data is presented in Appendix 2.1. 

Application of synthetic urine and a high soil temperature (18 °C) both increased N20 

production throughout the experiment (p < 0.001). Significant differences in 

denitrification of N20 (p < 0.05) due to soil type occurred only on days 29 and 30 

when losses of N were higher in the OP soil than in the BW soil (Figure 6.2). 

An interaction between temperature and synthetic urine treatments occurred over the 

period from day 8 to day 18. This varied in significance between days (p < 0.05 to P < 

0.001). This interaction was due to the combination of a warm soil temperature (18 °C) 

and the addition of synthetic urine which created larger denitrification fluxes of N20 

than any of the other treatments over the period of the interaction (Figure 6.2). These 

larger denitrification fluxes were probably the combined result of the warmer 

temperature, favouring greater denitrification activity, and a supply of nitrate (derived 

from the urine-N). 
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Figure 6.1 Emission of N20-N from urine treated (-....) and non-urine treated soils (- ) at 80e and 18oe, error bars are ± one s.e.m. 
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Figure 6.2 Effect of temperature and urine on N20-N flux versus time for the OP 

-! ;:' 

and BW soils (urine ± ; temperature, - 8°C, ---- 18°C). 
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In this experiment the peak in N20 flux varied between 0.47 kg N ha-1 day-1 in the OP 

soil at 8 °C and 3,5 kg N ha-1 day-1 in the BW soil at 18 0C. There is a dearth of work 

solely examining N20 fluxes from urine patches to compare this experimental data 

with. Ryden (1985) using acetylene methods, measured total nitrogen fluxes of 0.03 to 

0.44 kg N l,a-1 day-1 from urine patches which had been irrigated . Colbourn (1993) 

using acetylene in a number of experiments, measured total nitrogen fluxes varying 

from 0.3 to 5.0 kg N ha-1 day-1. In these experiments Colbourn (1993) used nitrogen 

fertilizers at rates equivalent to urine patches. The rate of 5.0 kg N ha-1 day-1 

(Col bourn 1993) was measured at a temperature of 19 uC. Thus N20 fluxes measured 

in this first denitrification compare favourably with other data and can be considered 

credible . In th,is experiment the combination of water application every second day, 

the warm temperature (18 oC) and high rate of nitrogen applied (as synthetic urine) 

created favourable conditions for high rates of denitrification as shown by the data. 

.. , 
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The total amounts of nitrogen denitrified as N20 were calculated by integrating the 

areas under the curves of flux versus time. These data were also skewed and were 

log transformed (In y) before an analysis of variance was done. Total losses of 

nitrogen as N20 were influenced by synthetic urine (p < 0.001), temperature (p < 

0.001) and a temperature by synthetic urine interaction (p < 0.001). The total losses 

(non transformed) are presented in Figure 6.3. Total losses of N20-N, at 8 oC, as a 

percentage of the nitrogen applied (420 kg N ha-1) were 1.2 % and 1.5 % for the BW 

and OP soils respectively. At 18 oC, losses of N20-N as a percentage of the nitrogen 

applied, represented 8.4 % and 9.5 % from the BW and OP soils respectively. Hence, 

the 10 oC difference in soil temperature from 8 oC to 18 oC caused a dramatic 

difference in N20 emissions. 

Figure 6.3 Effect of temperature (8 or 18 OC) and urine (±) on the total loss of 

nitrogen from soils (BW or OP) over 30 days. Significant differences between 

treatments are discussed in the text above . 
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6.4.2 15N-labelled gas fluxes 

OP+ 

The previous section examined the denitrification losses from the soils as N20. In 

addition to N20 other denitrification gases, such as dinitrogen, may diffuse from the 

soil (Section 2.6.2.2). These other gases will be predominantly dinitrogen (N2). The 

application of 15N-labelled synthetic urine to 4 cores in this experiment meant that it 

was possible to measure the 15N-labelled gas fluxes. 
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Gas fluxes measured from the 15N-labelled cores (15N-labelled gas fluxes and the 

corresponding N20 fluxes) are presented in Figure 6.4 and Appendix 2.2. No attempt 

has been made to statistically analyse these fluxes due to the unavoidably low 

replication number (Section 6.3). It is sufficiently obvious in all 4 cores, however, that 

the 15N-labelled gas fluxes comprised of more than just the N20 fluxes and that other 

nitrogenous gases were also diffusing from the cores. By integrating the curves of flux 

versus time the denitrification loss over 30 days was calculated for the 15N-labelled 

gas fluxes and the N20 fluxes. If it is assumed that the other nitrogenous gases were 

solely N2 then the N2 losses could be calculated from the difference between the 15N_ 

labelled gas losses and the N20 losses. This difference shall be referred to from now 

on as the N2 loss. These 3 values for each 15N-treated core are presented in 

Table 6.1. 

Table 6.1 Nitrogen denitrified over 30 days from 15N-labelled cores at 18 DC 

(kg N ha-1) (numbers in brackets indicate kg N as a % of 15N-labelled N). 

Fraction Soil 
BW OP 

Rep 1 Rep 2 Rep 1 Rep 2 

15N-labelied-N(Ms) 99 165 125 117 

N20-N(GC) 46 (46) 21 (13) 46 (37) 32 (28) 

N2-N(#) 53 (54) 144 (87) 79 (63) 85 (72) 

N2-N:N20-N 1.15 6.86 1.71 2.65 

MS = determined on mass spectrometer. 
GC = determined on gas chromatograph. 
# = presumed to be predominantly N2 but could possibly contain other nitrogenous gases such as NOx. 

The loss of 15N-labelled nitrogen (determined by integrating the 15N-labelled gas 

fluxes) accounted for a large percentage of the nitrogen applied (420 kg N ha-1) 

varying from 24 to 39 %. The loss of nitrogen as N2, under the conditions of this 

experiment, made a greater contribution to the 15N-labelled gas loss than the N20 

loss (Table 6.1). However due to the lack of statistical verification, caution must be 

exercised in interpreting these data. 
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Figure 6.4 Nitrogen gas fluxes from 15N labelled urine treated cores; 15N labelled gas flux (- ), N20 gas flux (- ). 
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6.4.3 loss of nitrous oxide in leachates 

Nitrous oxide moved out of the soil profile dissolved in the leachates with the addition 

of synthetic urine enhancing the amount of N20 lost in the leachate (Table 6.2). 

Table 6.2 

Temperature 
Urine 
Soil 

Day 
5 
7 
9 
11 
13 
15 
17 

Mean N20 concentrations (Ill l-1) dissolved in leachate 
samples over time. 

Treatments 
8°C 18°C 

- urine +urine - urine + urine 
BW OP BW OP BW OP BW OP 

6 3 44 4 7 5 59 26 
8 4 26 5 7 5 21 27 

16 3 77 15 12 6 68 78 
8 3 98 16 43 4 217 162 

1 1 5 149 24 7 5 58 229 
10 7 301 39 22 9 284 264 
6 3 69 63 6 10 231 40 

s.e.d 

10 
6 

19 
40 
40 

109 
39 

Concentrations of N20-N leached are comparable with levels reported by Dowdell et 

al. (1979) who recorded a range of 1 to 415 III l-1 from Iysimeters containing a fine 

textured soil. However, the total amounts of N20 lost in the leachate, in this 

experiment, were calculated as being < 0.1 % of the N applied based on the following 

assumptions: 

(i) a mean nitrous oxide concentration of 300 III l-1 over 30 days, and 

(ii) a maximum leachate volume of 0.6 l (15 days x 40 ml). 

In this case the total volume of N20 lost in leachate was calculated at 180 ilL. 

Assuming conditions of standard temperature and pressure the ideal-gas equation 

(PV=nRT, (Brown and leMay, 1981)) may be used to calculate the moles of N20 lost 
in the leachate. A volume of 180 III of N20 equates to 7.35 mM of N20 which is equal 

to 206 Ilg of N. When this is expressed as a percentage of the N applied to a core 

(0.24 g) it is less than 0.1 %. 

6.4.4 Inorganic-N remaining after 30 days 

At the end of the 30 day sampling period the ammonium and nitrate concentrations of 

the soil cores were measured. As would be expected, significantly higher levels of 

inorganic-N remained in treatments that received synthetic urine (Figure 6.5; 

Appendix 2.3). less inorganic-N was present in the '18 0C plus urine' treatment than 

in the '8 0C plus urine' treatment. This could be explained by the fact that the higher 

temperature increased denitrification rates and caused greater losses of nitrogen. The 

warmer soil temperature would have also favoured greater rates of nitrification and the 

significantly higher proportion of nitrate-N in the '18 °C plus urine' treatment (Figure 

6.5) may be explained by this. 
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Within the '8 oC plus urine' treatment, the OP soil had substantially higher inorganic-N 

concentration than the BW soil (Figure 6.5). The data above have shown 

denitrification to be similar for these two treatments and so the difference in inorganic

N may possibly be due to greater leaching of nitrate from the BW soil since this soil 

nitrified urine-N sooner than the peats (Chapter 5). 

6.5 Conclusions 
This experiment has provided further evidence that denitrification was a significant 

loss mechanism of urine-N in the previous experiments. Points of note include; 

(i) addition of synthetic urine enhanced denitrification losses, 

(ii) an increase in soil temperature enhanced denitrification loss, 

(iii) urine-N and temperature can interact to enhance denitrification loss, 

(iv) denitrification losses were not solely due to N20 but other nitrogenous gases 

as well (presumed to be N2), since the loss of nitrogen determined as (1SJ'J

labelled gas was more than double the loss of nitrogen determined as N20, 

(v) losses of N20 in soil leachate were negligible « 0.1% of N applied). 

It was therefore decided that further experiments should attempt to measure the 

denitrification losses, because under favourable denitrification conditions these can 

account for a large percentage of the fate of urine-N applied. 
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CHAPTER 7: FIELD EXPERIMENT 

7.1 Introduction 
The objective of this experiment was to monitor the urine-N transformations and fluxes 

under natural climatic conditions during a Waikato winter period when leaching was 

likely to occur. Previous experiments under simulated climatic conditions had 

indicated leaching and denitrification as potential loss pathways for urine-N from the 

pasture system. Hence, measurements of these processes were considered essential. 

At the same time it was considered necessary to ensure that measurements did not 

affect plant growth and impair plant uptake of N. 

7.2 Experimental design 
Urine N transformations and losses were studied using 15N labelling. A total of 18 

large cores (field Iysimeters) were used. Six treatments were replicated 3 times. The 

soil and water table treatments were: 

Bruntwood silt loam plus a water table .................... BW+ 

Bruntwood silt loam minus a water table ................ BW-

Old peat plus a water table ........................................ OP+ 

Old peat minus a water table ..................................... OP-

Young peat plus a water table .................................. YP+ 

Young peat minus a water table ............................... YP-

A further 27 small cores (3 replicates x 3 soils x 3 sampling dates), 10 cm diameter 

and 10 cm long, were used to determine transformations of nitrogen from soils treated 

with unlabelled synthetic urine. 

7.3 Specific materials and methods 

The trial site was situated on Ruakura Agricultural Research Centre's Number 1 dairy 

farm immediately adjacent to the Ruakura meteorological station. Soil cores were 

extracted from the various field sites and water tables were installed and tested 

(Section 3.3). One pore volume of water was passed through the cores in an attempt 

to remove any background inorganic N. Cores were then transferred to the field 

experiment site and lowered into position so that they were flush with the surrounding 

pasture surface (Figure 7.1). Herbage on the cores was then trimmed to 3 cm from the 

soil surface prior to synthetic urine application. 

Synthetic urine was made as previously described (Section 3.4) and applied on 

June 4 1992, subsequently referred to as 'day 1'. The 'OP+' treatment received 

synthetic urine labelled with 50 atom % 15N. All other treatments received urine-N 

containing 2 atom % 15N. This was applied at 500 kg N ha-1 as 123 mL of synthetic 

urine (10 g N L-1). Small cores received unlabelled synthetic urine at 500 kg N ha-1. 

Following synthetic urine application, 10 mm of simulated rainfall was applied to 

suppress potential ammonia volatilization. 
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Figure 7.1 A Iysimeter in position at the field site, flush with surrounding pasture. 

Figure 7.2 Diagram showing a head space sampling cover which was placed over 

the field Iysimeter for gas sampling. 
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Ammonia volatilization checks were performed by pushing PVC rings (20 cm 

diameter x 5 cm long) into the pasture surface on the field site (also a Bruntwood silt 

loam soil), applying synthetic urine at 500 kg N ha-1 and covering these with 

transparent PVC covers. Air was drawn across the surface of these enclosures for 4 

days and any NH3 trapped was analysed as described previously (Section 3.5). 

Herbage was cut 73, 115 and 150 days after urine application and analysed for dry 

matter content and botanical composition. Leachates were collected and analysed 

after significant rainfall events (Section 3.7). Gas samples were taken for N20 and N2 

analysis (Section 3.8). The head space for gas sampling was 10 cm in height and 

samples were obtained following a cover period of 1 hour (Figure 7.2). While this 

combination of head space height and cover period was adequate for N20 

measurements, it was, however, not ideal for N2 measurements. A more favourable 

combination for N2 flux measurements would have been a 1 cm head space height 

and 1 hour cover period or a 10 cm head space height and a 5 hour cover period. 

Both of these latter combinations were considered undesirable, however, due to their 

potential for reducing plant growth (Le. a 5 hour cover period reducing photosynthesis 

or a 1 cm head space height physically impairing or damaging plant tissue). Gas 

samples were taken at 2 p.m. each day since diurnal fluctuations in gas flux tend to 

peak at approximately this time due, it is thought, to the influence of soil temperatures 

(MOiler pers comm 1992). 

The immediate proximity of the Ruakura climate station meant that a detailed account 

of weather events over the experimental period was available. 

The duration of the experiment was 150 days. At the end of the experiment, herbage 

was cut off at the soil surface and soil cores were extruded and cut into 5 cm depths. 

These soil samples were then sieved, the roots were extracted and the soil was sub

sampled for analysis of total-N, inorganic-N, organic C, pH, mineralizable-N and 

microbial biomass-No 

7.4 Results and discussion 

7.4.1 Climate 

Table 7.1 presents the mean climate variables on a monthly basis over the duration of 

the experiment while Figure 7.3 depicts the mean daily soil and air temperature. Over 

the duration of the experiment, mean monthly air and soil temperatures increased. 

Daily rainfall and evapotranspiration (Priestly-Taylor) are shown in Figure 7.4. More 

detailed weather records are presented in Appendix 3.1. 



Table 7.1 Monthly summaries of cl imate variables 

M.Qn1h Air Temp Ground Soil Iemp Brun ~ 

Max (oG) Min (oG) Min (oG) 10 cm(°G) (mm day-1) (mm day-1) 

June 13.6 3.6 -0.5 7.7 2.4 0.5 

July 14 .4 5.7 1.2 8.5 5.2 0.7 

August 14.1 5.7 1.0 8.5 5.9 0.7 

September 15.0 5.1 1.2 9.0 2.6 1.6 

October 17.5 7.5 4.3 11 .8 4.4 2.4 

Mean 14.7 5.5 1.4 9.0 4. 0 1.2 

Figure 7.3 Changes in soil (10 em depth) and air temperature over time 
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Figure 7.4 Rainfall and evapotranspiration over time 
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7.4.2 Pasture 

7.4.2.1 Dry matter yields and composition 

Total yields 

75 

October 

Total pasture dry matter yields for each cut are shown in Figure 7.5 and Appendix 3.2. 

Soil type influenced total dry matter production with yields in the BW soil greater than 

in the peats at each cut (p < 0.001). Addition of a water table had no P.ffect on shoot 

yields at cuts 1 and 2. At cut 3, water tables caused differences (p < 0.05) with a 

decreased shoot yield in the YP+ treatment and an increased shoot yield in the BW+ 

treatment. A reduced shoot yield in the YP+ treatment could have been due to 

waterlogging creating unfavourable conditions in the relatively infertile soil. In the 

BW+ treatment an increase in shoot growth may have been due to better soil fertility 

promoting growth and hence increasing evapotranspiration so that the water table 

effect is reduced and may be likened more to irrigation. Hupkens van der Elst (1980) 

showed that incorporating a shallow water table (30 cm) as opposed to a deep water 

table (60 cm) actually increased pasture production on a loamy peat in the Waikato 

district over summer months. When the Iysimeters were broken up there was no free 

water present in the BW+ treatment, although the soil was mOist, a further indicator 

that evapotranspiration was greater than drainage at the end of the experiment. 

However in the YP soil, pasture production was lower and hence evapotranspiration 
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was probably reduced with the remaining water table possibly further enhancing the 

soil's limiting effects on production. Soil by water table interactions occurred at all cuts 

(p < 0.05); this was more noticeable at cut 3 due mainly to the large increase in the 

BW+ treatment. 

Figure 7.5 Total yields of pasture shoots at each cut 
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Root dry matter production differed between soil types (p < 0.001) following the trend 

in soil fertility with the mean root production being of the order BW > OP > YP. Water 

table treatment alone had no effect on root dry matter production although a soil by 

water table interaction occurred (p < 0.05). Root dry matter production was decreased 

in the YP+ and OP+ soils, while it was increased in the BW+ soil . 

Total dry matter production (roots plus shoots) followed the trend in soil fertility , with 

greatest production in the BW soil and least in the YP soil (p < 0.001) (Figure 7.6). 

Water table alone had no effect on total dry matter production although again a soil by 

water table interaction occurred (p < 0.001). While a water table increased production 

of shoots and roots in the BW soil, this did not occur in the peat soils. 



Figure 7.6 Total dry matter yield over the experiment 

(shoots and roots) for three cuts 
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The only legume in the pasture was white clover (Trifolium repens L.). There were no 

differences between treatments in % clover at cut 1 (Figure 7.7 a). At cuts 2 and 3 a 

soil by water table interaction (p < 0.01) occurred, with more clover in the BW

treatment than in the BW+. Both the YP+ and OP+ treatments had more clover than the 

YP- and OP- treatments respectively. The increase in the clover content in the BW+ 

treatment between cuts 2 and 3 could have been due to increasing soil temperature 

over this period, since clover growth is optimum at a temperature of 24 0C (Langer, 

1973). It is not surprising to see the clover content increasing in the BW- soil since it 

had the highest fertility of the three soils and was free draining, providing better 

conditions for growth than in the less fertile or waterlogged soils such as the YP+ 

treatment. 

The grass species occurring in the pasture were predominantly perennial ryegrass 

(Lolium perenne L.) with traces of Poa species. At cuts 1 and 2 there were no 

differences between treatments in the percentage of grass (Figure 7.7 b). However, a 

soil by water table interaction occurred at cut 3 (p < 0.01). The percentage grass in the 

YP+ and BW- treatments decreased from the levels in cut 2 (Figure 7.7 b), while the 

percentage of grass in the other treatments remained relatively stable. These 

decreases in the grass component were compensated for by increases in clover and 

weeds in the YP+ treatment and by an increase in the clover content in the BW

treatment. 
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Figure 7.7 Pasture species composition at each of the three cuts. 
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The weed component was not significantly different between treatments at cut 1 

(Figure 7.7 c) but differed at cut 2 due to soil type (p < 0.01). A higher weed content in 

the op soil was caused by dock plants (Rumex spp). At cut 3 a soil by water table 

interaction occurred (p < 0.05). In the YP+ treatment, weed content increased due to 

the occurrence of toad rush (Juncus bufonius), while weed content decreased in the 

op+ treatment but remained low in the BW treatments. Appendix 3.6 presents pasture 

composition data. 

Dry matter species yields 

Due to the low clover yields in cut 1, clover and non-legume components (grass and 

weeds) were bulked for dry matter and nitrogen analyses (however a herbage 

dissection was obtained). Clover yield differed due to soil type at cuts 2 and 3 (p < 

0.01) with a greater yield in the BW soil (Figure 7.8 a). The water table treatment had 

no effect on clover yield. However, at cut 3, a soil by water table interaction did occur 

(p < 0.001) with the BW+ producing less clover than the BW- (Figure 7.8 a). Higher 

clover yield in the BW soil, than in the peats, may be due to this soil being of higher 

fertility and therefore providing better growth conditions. 

Non-legume yield (i.e. grass and weed) was affected by a soil by water table 

interaction at both cuts 2 and 3 (p < 0.01). The greatest yield occurred in the BW+ 

treatment at both cuts 2 and 3 (Figure 7.8 b). At cut 3 this interaction is seen more 

clearly, with no difference between the op- and op+ treatments but higher yields in 

the BW+ and YP- treatments than in the BW- and YP+ treatments respectively (Figure 

7.8 b). 

7.4.2.2 Nitrogen uptake and recovery 

Percent nitrogen 

There was a significant difference between soils in the nitrogen concentration of 

shoots and roots at all cuts, except for clover in cuts 2 and 3 (p < 0.01) (Table 7.2). 

Prior to synthetic urine being applied, the percent nitrogen in the combined pasture 

(grass and clover) was higher in the BW pasture and lower in the peat soils. This may 

be a reflection of the higher fertility soil providing a better environment for clover 

growth and N2 fixation (Section 7.4.2.2) thus providing more nitrogen for the pasture. 

Alternatively the result may be due to differences between the soils in retention and 

loss processes such as immobilization and denitrification and the pasture's ability to 

compete with these for nitrogen. 
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Figure 7.8 Pasture species yields at cuts 2 and 3 (days 115 and 150 respectively) . 
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After synthetic urine application, the concentration of nitrogen in the pasture 

immediately increased (cut 1, Table 7.2) with the pasture from the peat soils having 

higher concentrations of nitrogen than the BW pasture. Dry matter production and 

pasture composition did not differ between the soils at cut 1, hence a dilution effect 

does not explain the lower nitrogen concentration in the BW pasture compared to the 

peats. Another possible explanation is that there was more nitrogen available in the 

peat soils. Less nitrogen was leached than in the BW soil (Section 7.4.4) and 

denitrification was occurring more slowly than in the BW soil (Section 7.4.5). 

At cut 1, the pasture species composition was predominantly grass (Figure 7.7) and a 

comparison of the nitrogen concentration in cut 1 with the grass nitrogen 

concentration in cut 2 shows that the nitrogen concentration decreased more in the 

BW pasture than that in the peat pasture. At cut 3, the pasture on the peat soils also 

had higher concentrations of nitrogen than the pasture on the BW soil. The continued 
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decrease in plant N concentrations in the BW soil could be due to nitrogen being 

leached and/or denitrified. Another reason for the lower nitrogen concentration in the 

BW treatments at cut 3 could be a dilution effect resulting from warmer conditions, 

faster growth and therefore a lower nitrogen concentration. The critical nitrogen 

concentration for perennial ryegrass has been reported to be 4.5 - 5.0 % .(t\cNaught, 

1970). Below this concentration, yields may be depressed, while a concentration 

greater than this will not result in greater yields and is termed lUxury consumption 

(Scott, 1984). It is apparent that the grass component in the YP and OP treatments 

was partaking in lUxury consumption of nitrogen at cut 2 and would probably have 

done so at cut 1 also. Nitrogen concentration of the grass component was not 

influenced by water table effects or soil by water table interactions. 

Mean nitrogen concentrations in clover at cut 2, were affected by a soil by water table 

interaction. The presence of a water table decreased clover nitrogen concentration in 

the OP+ treatment at cut 2 (p < 0.01). In cut 3, no differences occurred in clover 

nitrogen concentration between treatments but concentrations were lower than in cut 

2. The reduction in nitrogen concentration of clovers over time is again likely to be due 

to dilution of nitrogen caused by increased production and to a reduction in the 

amount of nitrogen available due to previous plant uptake and removal in prior cuts, 

leaching and denitrification. Critical nitrogen concentration in white clover is reported 

to be 4.8 - 5.5 % (McNaught, 1970). Over the course of this experiment, it appears 

that only the BW- and OP- treatments reached this level (at cut 2). This may explain 

why there was more clover production in the higher fertility BW- treatment. 

Root nitrogen concentrations were higher in the OP soil, although the cause of this 

was not readily apparent. Appendix 3.4 presents pasture N concentration data. 

Table 7.2 Nitrogen content (%) in pasture shoots and roots before urine application 
and at each cut. 

YP- YP+ OP- OP+ BW- BW+ s.e.d. 

pre-urine 2.04 2.50 1.95 2.25 3.39 3.72 0.22 

cut 1 6.62 7.04 6.56 6.42 4.34 4.81 0.60 

cut 2 clover 4.05 4.57 5.36 3.90 4.88 4.51 0.34 
grass 5.60 7.01 6.22 5.83 2.15 2.67 0.81 

cut 3 clover 2.45 2.88 3.19 3.61 3.30 2.91 0.40 
grass 3.41 3.94 3.03 3.12 1.84 1.24 0.50 

cut 3 roots 1.73 1.78 2.34 2.22 1.59 1.30 0.26 
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Total nitrogen uptake (14N and 15N) 

Nitrogen uptake is a function of pasture dry matter production and nitrogen 

concentration in the dry matter produced. Table 7.3 presents the total nitrogen uptake. 

At cut 1, the combined pasture nitrogen uptake was affected by a soil by water table 

interaction (p < 0.05). The BW soil had greater mean nitrogen uptake than the OP soil, 

while a water table decreased nitrogen uptake in YP+ treatment and increased 

nitrogen uptake in the BW+ treatment. 

Uptake of nitrogen by clovers at cut 2 differed due to soil type (p < 0.01), with greater 

uptake in the BW soil due to greater dry matter production by the clover component in 

the BW soil. At cut 3, the clover nitrogen uptake was influenced by a soil by water table 

interaction (p < 0.001). Nitrogen uptake was higher in the OP+ treatment than in the 

OP- and higher in the BW- treatment than in the BW+. This reflected differences in 

clover dry matter production. 

Table 7.3 Total nitrogen uptake in pasture shoots and roots. 

yp- yp+ op- op+ BW- BW+ 
(g N core-1) 

cut 1 0.096 0.049 0.041 0.066 0.094 0.130 

cut 2 clover 0.005 0.005 0.002 0.004 0.066 0.026 

grass 0.132 0.042 0.062 0.055 0.043 0.124 

total 0.137 0.047 0.064 0.058 0.109 0.149 

cut 3 clover 0.016 0.044 0.005 0.059 0.305 0.108 

grass 0.344 0.217 0.270 0.268 0.064 0.247 

total 0.360 0.261 0.276 0.327 0.369 0.355 

roots 0.109 0.041 0.258 0.10 0.211 0.264 

grand total 0.71 0.40 0.65 0.50 0.78 0.90 

s.e.d. 

0.016 

0.013 

0.018 

0.024 

0.030 

0.044 

0.049 

0.056 

0.058 

Mean nitrogen uptake in the grass component was affected by a soil by water table 

interaction at cuts 2 and 3 (p < 0.01). Mean nitrogen uptake in the grass component 

was higher in the BW+ and YP- treatments than in the OP soil at cut 2. At cut 3, 

differences in uptake by grasses were due to lower mean nitrogen uptake in the BW 

soil, higher uptake with a water table in the BW+ and lower uptake with a water table 

in the YP+ treatments. At cut 3, lower uptake in the BW- soil may have been due to 

more leaching of nitrogen having occurred in this soil (Section 7.4.4). Higher uptake in 

the BW+ treatment compared to the BW- treatment could have been due to more 

inorganic-N being available for plant uptake, since the water table reduced the 
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leaching loss (Section 7.4.4). Lower uptake in the VP+ soil was due to less dry matter 

being produced. 

The nitrogen content of the roots differed between soils and was in the order BW > op 

> VP (p < 0.01) with no water table effects. This difference was due to differences in 

dry matter production. Appendix 3.3 presents nitrogen uptake data. 

Uptake of 15N as a percentage of total nitrogen uptake (14N and 15N) 

Clover uptake of 15N, expressed as a. percentage of total nitrogen uptake, was 

affected by soil type (p < 0.001) and soil by water table interactions (p < 0.01) at both 

cuts 2 and 3. Greater uptake of 15N, by clovers, occurred in the peat soils compared to 

the BW soil (Figure 7.9a). 

Interactions between soil and water table treatments were due to; clovers taking up 

more 15N in the BW+ treatment than in the BW- treatment at cut 2, clovers in the op

treatment taking up more 15N than the op+ treatment at cuts 2 and 3, while uptake of 

15N was not significantly different between the VP- and VP+ treatments. Greater clover 

uptake of 15N in the peat soils could have been due to less favourable conditions for 

clover growth (relatively low pH and soil fertility) with consequently less biological 

fixation of nitrogen (BNF). Estimates of BNF in this experiment (Section 7.4.2.2) 

showed BNF to be lower in the VP soil compared with the BW soil. It can also be seen 

that the percent nitrogen in the clovers was below the critical concentration (Table 

7.2), especially in the peats. It is possible that the clovers in the peat soils would have 

utilised the urine nitrogen in the event of being unable to supply enough nitrogen by 

biological fixation. Alternatively, the high nitrogen availability in the peat soils (as 

evidenced by high % N in grass, Table 7.2) resulted in greater substitution of uptake of 

urine-N for BNF than in the BW soils. 

Greater uptake of 15N by the BW+ treatment at cut 2 compared with the BW- treatment 

may have been due to unfavourable conditions for BNF, since waterlogged conditions 

do not favour BNF. This effect did not occur in cut 3 for these treatments (BW+ and 

BW-). At cut 3, clover nitrogen uptake was predominantly 14N in the BW- and BW+ 

treatments, presumably reflecting increased fixation of N2 or uptake of mineralized 

nitrogen and/or 15N removal from the system due to leaching, previous plant uptake or 

denitrification. Greater dry matter production in the BW+ treatment possibly alleviated 

the water table effect by increasing evapotranspiration, which may also have favoured 

greater mineralization of 14N. Biological nitrogen fixation could also have increased 

14N levels in that treatment. 
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Figure 7.9 Uptake of 15N-labelled urine nitrogen as a percentage of total nitrogen 

uptake (14N and 15N) for (a) clover, (b) non-legumes and (c) total pasture. 
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The reason for the difference in 15N uptake, in the clovers at cut 2, between the op-

and op+ treatments is not readily apparent. It may be due to a higher percentage of 
nitrogen in the op- clovers compared to the op+ clovers (5.36 and 3.90 % 

respectively) since there was no difference in total nitrogen uptake by clovers at cut 2. 

At cut 3, more clover dry matter was produced in the op+ treatment and possibly the 
15N uptake was lower due to a dilution effect because of the greater production of dry 

matter. Perhaps increased competition from the grasses for the available 15N nitrogen 

reduced clover uptake of 15N-labelled nitrogen in the op+ treatment at cut 3. 

Uptake of 15N-labelled nitrogen expressed as a percentage of total nitrogen uptake 

was higher in the non-legume component of the pasture (grass and weed) compared 
to the clover component. This is not surprising, since the non-legume component 

relies solely on available soil nitrogen and cannot provide its own nitrogen supply 
through biological fixation. Uptake of 15N, as a percentage of total nitrogen uptake, in 

the grasses was lower in the BW- soil (p < 0.01) in both cuts 2 and 3 (Figure 7.9b). 

This was due, primarily, to more leaching of the applied 15N in the BW- treatment 
(Section 7.4.4) which resulted in less 15N in the soil nitrogen pool and hence a lower 

uptake of 15N as a percentage of total nitrogen uptake. Another factor which may have 

affected this could have been the amount of 14N nitrogen derived from the soils. The 
data indicate that the 15N uptake was greater in the peats and the BW+ treatment than 

in the BW- treatment. Greater 14N inputs, either through mineralization of 14N in the 

BW- soil or greater amounts of14N being derived from biological: fixation, could have 

diluted the 15N uptake. As noted above, there was more clover in the BW- treatment 

and there was also more nitrogen fixed in this treatment (Section 7.4.2.2). The 

difference in uptake of 15N, as a percentage of total nitrogen uptake, between the BW

and BW+ treatments was not as great at cut 3, where total nitrogen uptake did not 
differ either. 

Total uptake of 15N, as a percentage of total nitrogen uptake, reflected the trends in 

non-legume uptake of 15N. An exception was in the BW- treatment where clover 

represented a higher percentage of the dry matter component. This resulted in a 
relatively lower uptake of 15N as a percentage of total nitrogen uptake (Figure 7.9c). 

Recovery of 15N in pasture 
Total recovery of 15N-labelled synthetic urine in cut 1 ranged from 3.29 to 7.84 % of 
that applied (Figure 7.10). This recovery was affected by a soil by water table 
interaction, with the YP- and BW+ treatments having greater recovery of 15N-labelled 
urine than the other treatments (p < 0.001). This may have been due to these 
treatments having higher dry matter production and total nitrogen uptake. 

At cut 2, there was no significant difference between treatments in the recovery of 15N
labelled synthetic urine in the clover fraction, with a range of 0.13 to 0.74 %. Clovers 
accounted, on average, for only 7 % of the total recovery of 15N by plants at cut 2. 
However, in cut 2, both soil and water table treatments interacted to affect the recovery 
of 15N-labelled urine in the non-legume component (p < 0.001), with the pattern of 
recovery following the amount of dry matter produced by the non-legumes. 
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Total recovery of 15N-labelled synthetic urine at cut 2 ranged from 1.89 to 8.08 %. 

There was a noticeable decrease in the recovery of 15N labelled synthetic urine in the 

BW- treatment, from 3.85 % in cut 1 to 1 .89 % in cut 2. This is probably due to less 

nitrogen being available for plants to take up in the BW- treatment since denitrification 

and leaching were also occurring in the BW- treatment at this time (Sections 7.4.4 and 

7.4.5). 

At cut 3, the presence of a water table enhanced recovery of 15N-labelled synthetic 

urine (p < 0.05) by clovers, with mean recoveries of 0.45 % without a water table and 

1.35 % recovery with a water table. Recovery of 15N-labelled synthetic urine in the 

non-legumes, at cut 3, ranged from 1.62 % to 17.81 %. In the non-legume component 

of cut 3, the obvious difference between treatments was the low plant recovery in the 
BW- treatment. Inclusion of a water table decreased plant recovery of 15N-labelled 

synthetic urine in the peat soils (p < 0.05). Non-legumes recovered more of the 15N 

applied in the peat soils than in the BW+ soil (p < 0.05). The total recovery in cut 3 
followed the trends in the grass component since this dominated recovery of 15N

labelled synthetic urine. On average the clover only accounted for 7 % of the total 
recovery of added 15N by plants in cut 3. 

Recovery of 15N-labelled synthetic urine in the roots at cut 3 was affected by a soil by 

water table interaction, with mean recovery being greater in the BW soil 'and least in 
the YP soil. A water table decreased recovery of 15N in roots in the YP soil but 

increased it in the BW soil. These differences reflected the differences in dry matter 

production of roots. 

Total plant recovery of 15N-labelled synthetic urine (shoots and roots) ranged from 

8.1 % (BW-) to 35.4 % (YP-). Others have reported the recovery of 15N-labelled urine 

in pasture to range from 13 % to 55 % (Section 2.5.5). However, direct comparisons 

are not valid due to the different experimental conditions and periods. However, the 
recovery of only 8.1 % in the BW- treatment was low. In contrast, a water table 
enhanced total 15N recovery in the BW+ treatment to 32.7 %.Total recovery of 15N

labelled synthetic urine in the YP+ treatment (19.6 %) was less than in the YP
treatment, while the OP- and OP+ treatments did not differ significantly in total 

recovery of 15N labelled synthetic urine, with 27.2 % and 24.8 % respectively. 

The main reason for low recovery of 15N-labelled synthetic urine in the BW- treatment 

(8.1 %) was probably due to this treatment having greater leaching losses (Section 
7.4.4). The greater recovery of 15N applied in the BW+ treatment (32.7 %) may have 

been due to the water table reducing leaching losses (Section 7.4.4) and higher dry 

matter production (Figure 7.5). In the OP soil, the water table treatment had no 
statistically significant effect on recovery of 15N applied although in the OP- treatment 
recovery of 15N applied was higher. In the YP- treatment recovery of 15N applied was 

greater than in the YP+ treatment. It appears that a water table decreased plant uptake 
in the peat soils. The peat soils nitrified applied 15N at a slower rate than in the BW 
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soil (Section 7.4.3.1). Subsequently any nitrogen transformations utilising this nitrified 

15N could also be influenced by this. For example, rapid nitrification in the BW soil 

meant larger leaching losses in the BW- treatment compared to the op- or YP

treatments (Section 7.4.4). Reduced leaching losses in the op- and YP- could be a 

reason for greater plant recovery in these treatments compared to the BW- treatment. 

Fixation of atmospheric N2 

The 15N dilution method (reviewed by Chalk, 1985) enables estimation of the 

proportion of legume nitrogen fixed from atmospheric N2 (PN). This method was used 

to estimate biological nitrogen fixation (BNF) in the YP and BW soils using the 

following equation (Ledgard and Steele, 1992): 

PN = 100 x [(atom % ref - atom % legume)/(atom % ref - s)] 

where: a) 

b) 
c) 

ref is a non-N2 fixing plant growing in the same soil as the legume 
(in this case the grass component of the pasture). 
the legume is the clover component of the pasture. 
B is the atom % 15N of N derived from atmospheric N2. This is 
commonly assumed to be 0.3663 which is the 15N concentration of 
atmospheric N2. 

Biological nitrogen fixation was not estimated in the op soil due to the low yields of 

clover in the op- treatment and the high atom % 15N in the op+ treatment. Estimated 

biological nitrogen fixation (BNF) by clovers was compared between the YP and BW 

soils (Table 7.4). At cuts 2 and 3, BNF was affected by soil type (p < 0.05), while at cut 

3 it was also affected by water table treatment (p < 0.01). A review of BNF in mixed 

legume and grass pastures by Ledgard and Steele (1992) outlined the factors 

affecting BNF which included soil nitrogen status, soil moisture status, soil acidity and 

nutrition. Better soil fertility in the BW soil may explain its higher BNF compared to the 

YP soil. High inorganic-N levels suppress BNF. Higher inorganic-N levels occurred in 

the YP-, YP+ and BW+ treatments compared to the BW- (where leaching was greater) 

and these treatments with higher inorganic-N levels also have lower BNF than the 

BW-. Ball et al. (1979) and Ledgard et al. (1982) also recorded lower BNF in urine 

treated swards on silt loam soils. The YP soil, with lower BNF, was also more acidic 

than the BW soil. BNF is not favoured by acidic soil conditions. Neither is it favoured 

by moisture stress or waterlogging. The latter may partly explain the lower BNF in the 

YP+ treatment compared to the YP- treatment. Another more likely reason for lower 

BNF in the YP soil, compared to the BW soil, could be the urine-N remaining as 

ammonium for a longer period in the YP soil (Section 7.4.3.2) thus maintaining a high 

soil nitrogen status. 

Table 7.4 Percent clover N due to biological nitrogen fixation 
estimated using 15N dilution 

YP- YP+ BW- BW+ s.e.d. 

Cut 2 50.6 
Cut 3 64.2 

32.8 
29.0 

79.7 
90.2 

56.3 
78.5 

10.4 
6.8 
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7.4.3 Soil 

7.4.3.1 Soil chemical characteristics 

Nitrification in unlabelled cores 

Additional soil cores had unlabelled synthetic urine applied at the same rate as the 

Iysimeters and were sampled on 3 occasions. Background inorganic-N was assumed 

to be negligible because of the pre-leaching of these cores prior to synthetic urine 

addition. Formation and disappearance of ammonium and nitrate differed between 

soils (Figure 7.11). Ammonium formation, following hydrolysis of the urea, was rapid in 

the BW soil (Figure 7.11 a). Nitrification in the BW soil appeared to be rapid, as was the 

disappearance of the nitrate (Figure 7.11 b) (possibly leached, taken up by plants or 

denitrified). Holland and During (1977) applied simulated urine treatments on a 

Waikato mineral soil (Horotiu sandy loam) and found nitrification was not appreciable 

until after 7 days in all seasons. In their studies, at soil temperatures of 7.5 - 10 oe, 
nitrification continued to be slow and was not complete until 60 days after simulated 

urine deposition. In these unlabelled cores, nitrification was not complete in the 

Bruntwood silt loam until 50 days after synthetic urine application. However in the 

peat soils, ammonium took longer to form and there was a much slower appearance 

of nitrate. The slow appearance and relatively low concentrations of nitrate may have 

been due to slow nitrification and plant uptake of ammonium, or to immediate plant 

uptake and/or denitrification of nitrate prior to measurement. The latter is considered 

unlikely, since denitrification measurements (Section1.4.~ on the field Iysimeters 

showed low rates of nitrous oxide production in the peats but higher rates in the BW 

soil. Another possible reason for slow appearance of nitrate in the peats could have 

been due to competition from plants. Nitrifying bacteria are often considered poor 

competitors for ammonium relative to plants (Jackson et al., 1989) and plant uptake of 

the 15N applied was greater in the peats and BW+ treatment than in the BW- treatment 

(Figure 7.10). 

Slower rates of nitrification in the peats would have been favoured by: 

(a) greater water content and therefore lower oxygen levels, 
(b) greater acidity, 
(c) higher cation exchange capacities retaining ammonium, 
(d) possibly lower numbers of nitrifiers compared with the BW soil due to peats 

being more anaerobic, lower in nutrients and more acidic. 

The inorganic-N recovered in these unlabelled cores is only indicative of what was 

happening in these soils following urine application and cannot be considered 

quantitative, due to other nitrogen transformations occurring such as plant uptake, 

leaching and denitrification over the 48 days. It is clear, however, that ammonium 

appearance and nitrification differed markedly between the three soils and these data 

support similar findings in the initial experiments (Section 5.4.1). The differences 

between soils in forms of inorganic-N over time have implications for the fate of urine 

nitrogen as discussed elsewhere in this chapter. 
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Figure 7.11 Appearance and disappearance of ammonium and nitrate in unlabelled 

cores in the absence of a water table (error bars represent ± one s.e.m.) 
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Soil pH 

Soil pH was not affected by the water table treatment. Soil pH did differ significantly 

between soils (p < 0.001), with an interaction between soil and depth (Figure 7.12). As 

noted previously, the BW soil has a higher pH than the peat soils. Mean soil pH values 

over all depths for the BW, OP and YP soil were 5.72,5.26 and 5.14 respectively. 

Figure 7.12 Soil pH values (mean of ± water table treatments) versus depth of 
soil cores analysed after destructive sampling of field experiment. 
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Soil Carbon, Nitrogen and CIN ratio 

The % G, % N and the GIN ratios all showed a soil by depth interaction (p < 0.001). As 

might be expected from earlier analyses, the peat soils contained more carbon and 

this increased with depth (Table 7.5). In the BW soil, the carbon content decreased 

with depth. The peat soils had a higher percentage of nitrogen. In the OP soil, the 

nitrogen concentration remained constant over depth, while in the BW and YP soils 

nitrogen concentration declined with increasing depth. The GIN ratio in the YP soil 

increased with depth, whereas there was little change with the OP and BW soils 

(Appendix 3.7). 

7.4.3.2 Soil inorganic-N 

Forms and amounts of inorganic-N at the end of the experiment 

No ammonium was found in the BW- soil at the end of the experiment (Appendix 3.8). 

In the remaining five treatments, greater amounts of ammonium were detected with 

increasing depth (p < 0.001). Ammonium concentration was not affected by individual 

soil type or the presence or absence of a water table within the five remaining 

treatments. The peat soils (OP and YP) were grouped and compared with the BW+ 

treatment and revealed a soil group by water table by depth interaction (p < 0.001). 

Greater amounts of ammonium were recovered from the peats than from the BW+ soil, 

with greater recoveries also occurring in peats with a water table present and with 

increasing depth (Figure 7.13). 
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Table 7.5 Carbon and nitrogen concentrations, and CIN ratios in soils 

% Carbon 

yp 

OP 

BW 

% Nitrogen 

yp 

OP 

BW 

C/N Ratio 

yp 

OP 

BW 

Figure 7.13 
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Soil Depth (cm) 

5-10 10-15 15-20 20-29 

46.8 47.1 47.7 50.0 50.4 

47.8 48.3 47.3 48.3 48.5 

10.2 7.60 6.2 4.8 3.3 s.e.d. = 0.48 

2.05 1.90 1.57 1.43 1.29 

1.91 1.88 1.91 1.86 1.84 

0.92 0.69 0.52 0.40 0.26 s.e.d. = 0.06 

22.8 25.0 31.5 35.3 39.7 

25.0 25.8 24.8 25.9 26.4 

11.0 11.0 11.9 12.1 12.7 s.e.d. = 1.22 

Ammonium concentration in soils at the end of the experiment as 
affected by soil depth and water table. 'Peat' refers to the mean of 
both OP and YP soils. 
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At the end of the experiment, no nitrate was found in the YP-, YP+ or BW- soils. The 

mean concentration of nitrate in the OP-, OP+ and BW+ treatments was 3.2,3.7 and 



1.9 /-1g N03--N g-1 of soil respectively. If this nitrate was all derived from the urine it 

represented only 0.3,0.3 and 0.2 percent of that added respectively. 
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Total inorganic-N (ammonium + nitrate) was dominated by the ammonium fraction 

(Figure 7.14) and consequently treatment effects on total inorganic-N reflected those 

for ammonium: i.e, more in the peats, more in the presence of a water table and more 

with increasing depth (p < 0.001). 

Figure 7.14 Total inorganic-N concentration in soil averaged 

over the 0 to 29 cm depth. 
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Recovery of 15N-labelled synthetic urine in soil inorganic-N, at the end of the 

experiment, was relatively low at 0 % to 9 % (Table 7.6 and Appendix 3.9). In the BW

soil recovery of 15N was effectively zero (Table 7.6). A comparison of 15N recovery 

between the peats (average of OP and YP soils) and the BW+ treatment showed a soil 

by water table by depth effect (p < 0.01). The 15N recovery in the peats and BW+ 

treatment closely mirrored the trends in ammonium concentration of these soils 

(Figure 7.13). More 15N was recovered: 

(a) in the peats than in the BW+ treatment, 

(b) with greater depth, 

(c) with a water table present in the peats (Table 7.7). 

Labelled inorganic-N comprised approximately 9 % to 51 % of the total inorganic-N 

depending on treatment (Table 7.6). 



Table 7.6 Recovery of 15N-labelled urine in soil inorganic-N over the entire 

Iysimeter depth (numbers in brackets are standard errors of means). 

Treatment 15N recovered as 15N recovered as a % 
inorganic-N (%) of total inorganic-N 

yp- 2.6 (1.4) 44.0 (1.6) 

YP+ 9.0 (3.1) 51.3 (4.8) 

op- 3.8 (0.7) 40.0 (1.9) 

op+ 3.8 (2.2) 27.0 (5.1) 

BW- 0.01 (0.01) 0.00 

BW+ 0.8 (0.7) 9.3 (4.6) 
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Table 7.7 Effects of water table, depth and soil on recovery of 15N-labelled urine as 
inorganic-N (%). 

Soil Watertable Depth (em) 

0-5 5-10 10-15 15-20 25-29 

Peat 0.14 0.43 1.25 0.85 0.48 

Peat + 0.68 2.09 1.45 1.07 1.08 

BW + 0 0.03 0.02 0.22 0.49 

s.e.d = 0.65 

7.4.3.3 Total organic-N and organic-15N recovery 

Recovery of 15N-labelled synthetic urine in the organic-N fraction at the end of the 

experiment differed significantly due to a soil by depth interaction (p < 0.001). There 

was no e.ffect due to water table treatment. Maximum recovery occurred in the 0-5 cm 

depth of all soils (Figure 7.15 and Appendix 3.10). As depth increased, recovery of 

15N decreased. Trends in recovery of 15N in the organic-N fraction paralleled trends 

in soil fertility and pH. This may be explained by the fact that microbial immobilization 

of N requires adequate nutrition and a suitable pH environment for the microbes. The 

15N-labelled synthetic urine recovered in the organic-N fraction represented less than 

2 % of the total organic-N fraction in all treatments and this did not differ significantly 

between soils. 
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7.4.3.4 Total 15N recove ry from soil 

Total 15N recovery in soil at the end of the experiment was higher in tile presence of a 

water table (p < 0.05) due to more 15N recovery in inorganic-N in the YP+ treatment 

(Table 7.6). As soil depth increased , total 15N recovery in soil decreased (p < 0.001) , 

\Table 7.8 and Appendix 3.11 ). This was due mainly to changes in the organic-N 

fraction which, as noted previously (Figure 7.15), was greater in the surface depths 

and in the BW soil. The composition of the total 15N recovered in soil can be seen in 

Rgure 7.16. Fraser (1992) recovered more 15N-labelled synthetic urine in the surface 

(0-20 cm) of the soil in a subsoiling study using 1 metre deep Iysimeters. In this depth 

increment, she recovered an average of 23 % of the 15N-labelled synthetic urine, one 

year after application to pasture , in the root and soil fraction. Recovery of 15N-labelled 

synthetic urine in the soil in her experiment was similar to the BW which had a mean 

recovery in the soil fraction of 25 %. 

Table 7.8 Total 15N recovered in soil (inorganic-N + organic-N) 
at the end of the experiment 

YP- OP- BW- YP+ OP+ 
Depth (em) 

0-5 4.07 9.81 13. 00 6.50 8.50 
5-10 2.43 4.32 3.45 7.18 4.36 
10-15 3.33 2.83 1.55 5.20 2.77 
15-20 2.03 1.62 1.32 2.14 1. 93 
20-29 3.07 2.12 2.85 2.12 2.92 

BW+ 

12.63 
5. 69 
3. 05 
2.34 
5.60 s.e.d = 1.21 
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Figure 7.16 The composition of total 15N recovered in soil as a percentage of 15N 

applied. Values refer to the sum over all depths. 
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7.4.3.5 Microbial biomass-N and mineralizable-N 

Microbial biomass-N 

Recovery of 15N in the microbial biomass-N, in the 0 - 5 cm soil depth at the end of the 

experiment, varied depending on soil type (p < 0.001) with the amount of 15N 

recovered in the VP, OP and BW soils equalling 2.67 %,0.97 % and 0.31 % of that 

applied respectively. It might be expected that the more fertile BW soil would have had 

a higher level of microbial biomass-No Although the microbial biomass-N level was 

lowest in the BW soil it may have been cycling at a faster rate than in the peat soils. 

Whitehead and Bristow (1990) studied the fate of 15N-labelled cattle urine applied to 

an established grass sward on a clay loam soil. In their study, 15N in the soil microbial 

biomass varied considerably over 321 days ranging from 3.5 % to 7.2 % of total soil 

nitrogen. In this field study it is also possible that, as soil nitrogen levels changed over 

time, microbial biomass-N levels varied over the course of the experiment. 

Min erq lizable-N 

More 15N was mineralized on incubation of soil sampled at the end of the experiment 

where a water table had been present (p < 0.01). Mineralization of 15N was greater in 

theOP and VP soils than in the BW soil (Table 7.9). Another interesting feature is the 

apparently greater mineralization in the peat soils at 5-10 cm compared to the 0-5 cm 

depth, which indicates higher microbial activity with depth in the peat. This could be a 

consequence of lime and fertiliser having been incorporated into the peat soils during 

development, whereas in the BW soil, fertilizers had been broadcast on to the soil 

surface. The mineralization of 15N measures the release of N from the organic-N pool. 
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This method can show only that mineralization will occur and cannot be a quantitative 

assessment, since potential denitrification of mineralized nitrogen from soils is 

unaccounted for. Incubation of moist soils at 37 °C even under aerobic conditions 

could possibly provide conditions for denitrification at microsites. 

Table 7.9 15N mineralized (as % of that applied) after incubation of soil (sampled at 

the end of the experiment) for 1 week at 37 °C 

yp- YP+ op- op+ BW- BW+ 

0-5cm 0.30 3.05 1.28 2.24 0.24 0.61 

5-10 cm 0.95 6.60 1.37 5.06 0.28 0.16 

7.4.4 Leachates 

7.4.4.1 Urea, ammonium and nitrate concentrations 

Urea concentrations 

Urea was detected in the leachate of only one soil core. This was from the BW

treatment (rep 3). The initial concentration of urea was 19.11 mM L -1 on day 2 

decreasing to 1.2 mM L-1 on day 15. The total amount of urea-N leached was 

0.194 g N or 15.84 % of the N applied. Urea hydrolysis is rapid and urea is not 

normally found in the soil. It can therefore be safely assumed that the origin of the 

leached urea was from the urine application. The appearance of urea in the leachate 

was most probably due to preferential flow of urine down macropores in the soil core. 

Preferential flow of urine has been noted in other studies examining leaching of 

nutrients from urine (Williams et a/., 1990). 

Ammonium concentrations 

Ammonium was found in the leachates of all the cores regardless of soil type or water 

table treatment (Figures 7.17 and 7.18; Appendix 3.12). In the op- and op+ 
treatments, mean ammonium concentrations ranged from 0 to 11 Jlg N mL-1 with a 

peak concentration at 30 days. The YP- and YP+ ammonium concentrations ranged 
from 0 to 8 Jlg N mL-1 (Figure 7.17 and 7.18). The peak concentration of ammonium in 

the BW- treatment was 28 Jlg N mL-1 at day 30 (101 mm drainage), while the BW+ 

treatment concentration peaked at 11 Jlg N mL-1 at day 31 (133 mm drainage), 

(Figure 7.17). 
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Leachate ammonium concentration versus cumulative drainage 
(error bars ± one s.e.m). 
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There is a wide range in the amounts and concentrations of ammonium leached from 

other Iysimeter studies. For example, Monaghan et al. (1989) detected relatively high 

concentrations of ammonium in leachates after application of sheep urine to 34 cm 

deep Iysimeters containing a Templeton silt loam soil. In contrast, Fraser (1992) 

detected very small ammonium concentrations (less than 1 mg N L-1) in leachates 

from a Templeton silt loam soil in 1 m deep Iysimeters after synthetic urine application. 

The depth of the Iysimeter therefore influences the likelihood of ammonium occurring 

in leachates. In shallower Iysimeters there is a greater possibility of ammonium ions 

being leached directly through the soil monolith, possibly via earthworm burrows or 

other such macropores that are continuous through the Iysimeter. In deep Iysimeters 

(e.g 1 m) there is less chance of macropores being continuous through the full length 

of the monolith and therefore there is more chance for the ammonium to be retained in 

the soil micropore system and possibly nitrified prior to leaching. 

Nitrate concentrations 

Nitrate was only found in leachates from the BW soil treatment (Appendix 3.13). The 

mean nitrate concentrations measured in the BW- leachate samples are shown versus 

time and cumulative drainage in Figure 7.19. In the BW- treatment, the mean peak 

nitrate concentration (146 ~g N mL-1) occurred after 37 days and 170 mm of drainage. 

Although this experiment was not designed to determine leaching mechanisms the 

results appear to indicate that the displacement of nitrate from the soil profile in the 

BW- treatment was due to uniform miscible displacement, since the mean nitrate peak 

concentration occurred at approximately 1 pore volume (170 mm drainage). 

In the BW+ leachates, the mean nitrate concentrations dropped from a peak of 47 ~g 

N mL-1 at day 2, before rising again to 22 ~g N mL-1 on day 31 and 133 mm of 

drainage (Figure 7.19b). The initial decrease in the nitrate concentration may have 

been due to anaerobic conditions still being established and the reduction of nitrate 

due to the formation of these anaerobic conditions (Patrick, 1982). Double peak 

breakthrough curves have previously been reported in leaching studies using 

undisturbed Iysimeters (e.g. McLay et al., 1992) and have been attributed to solute 

transport through different pore systems in the soil monolith (e.g. macropores). The 

variability in the BW+ data is considerable and no definitive conclusions can be drawn 

from it, other than the fact that the addition of the water table has greatly reduced 

nitrate concentrations in the BW soil leachates. 
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The W.H.O. recommendation is that the concentration of N03--N in potable drinking 
water should be less than 1 0 ~g N mL-1 (Section 2.6.1). The mean concentration of 

nitrate in the BW- treatment exceeded this recommended limit between days 17 and 

73 of the experiment, coinciding with drainage of 66 and 360 mm respectively. 

However, not all pasture is "under the influence" of a urine patch. Since grazing 

experiments indicate that 20 % of the paddock is covered by urine patches (Fraser, 

1992) then the drainage from the non-affected areas will dilute the leachate from 

under the areas influenced by the urine. In the case of the peak BW- nitrate 

concentration (146 ~g N mL-1), this could result in a dilution to approximately 29 ~g N 

mL-1 which is still above the W.H.O. limit but of less concern. In the BW+ treatment, 

mean nitrate concentrations also exceed the recommended limit between days 15 

and 50 of the experiment (52 and 295 mm of drainage respectively) but a dilution of 

this leachate as indicated above would result in nitrate concentrations being below 

the W.H.O limit. 

Nitrate concentrations found in this experiment (BW- treatment) are higher than those 

recorded by Fraser (1992), where the mean nitrate concentration from subsoiled 

Iysimeters, which also received synthetic urine at 500 kg N ha-1, peaked at 70 ~g N 

mL-1 after approximately 150 days. Differences in nitrate concentrations, and the 

timing of peak concentrations, is likely to be due to the differences in depth of the 

Iysimeters, rainfall and soil characteristics. In particular the deeper the soil in the 

Iysimeter the longer it will take for nitrate to be displaced from the soil, assuming 

similar soil characteristics and rainfall. This can result in a greater opportunity for 

nitrate removal by soil processes (e.g. denitrification) and plant uptake. 

7.4.4.2 Total amounts of nitrogen leached and 15N recovered. 

Inorganic-N 

The total amounts and forms of inorganic nitrogen found in the leachates are 

summarised in Table 7.10. In the BW soil, the nitrate content was significantly greater 

without a water table (p < 0.05), (nitrate was not detected in leachate from the other 

soils). The total amount of ammonium recovered in the leachates differed significantly 

between soils (p < 0.01) with a greater recovery in the BW soil (Table 7.10). Total 

inorganic-N leached varied due to a soil by water table interaction (p < 0.001) and 

was influenced largely by the greater amount of nitrate leached in the BW soil. Thus 

more inorganic-N was leached from the BW soil especially without a water table 

present. Recovery of 15N applied was greater (p < 0.05) in the BW- soil (Table 7.10). 

In the peat soils, leaching of 15N applied was solely as ammonium and was greater in 

the YP soil than in the OP soil (p < 0.001). 

Approximately 47 percent of the 15N-labelled synthetic urine nitrogen was lost from 

the BW- treatment due to leaching, while in the peat soils this loss was considerably 

lower « 5 % of 15N applied). The presence of the water table in the BW+ treatment 
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reduced the leaching loss of 15N to only 9 percent of that applied. The smaller 

leaching loss in the BW+ treatment is likely to have been influenced by the greater 

plant uptake compared to the BW- treatment (Section 7.4.2.2). The presence of a 

water table in the BW+ treatment may have slowed nitrification thereby providing 

greater opportunity for plant uptake of ammonium and in theory would have created 

suitable conditions for denitrification of nitrogen. In Fraser's (1992) study, the fate of 

15N-labelled synthetic urine (500 kg N ha-1) was determined in subsoiled and non

subsoiled pasture Iysimeters; leaching losses after 1 year were 16 and 8 percent of 

15N applied respectively. Whitehead and Bristow (1990) applied 15N-labelled urine to 

pasture (710 kg N ha-1) and recorded leaching losses equalling 25 percent after 321 

days. Direct comparisons are hard to make due to differences in soil characteristics 

and rainfall patterns, however, the leaching loss in the BW- treatment appears to be 

high in comparison to other published results. It is considered that this was mostly due 

to the relatively short Iysimeters used in this study compared to the others reported 

above. 

The significantly lower leaching losses in the peat soils, compared to the BW

treatment, were due in part to the greater recovery of 15N in the pasture component 

(Section 7.4.2.2). Recovery of 15N in soil was not significantly higher in the peat soils, 

which suggests that denitrification could be responsible for the difference between the 

soils in terms of loss pathways. This is discussed in later sections and in the next 

chapter. 

Table 7.10 Forms and amounts of nitrogen recovered in leachates (numbers 
in brackets equal s.e.m.) 

Soil Total mineral-N leached 15Nleached 15Nleached 15Nleached 
(14N + 15N) 

(mg N core-1) (mg N core-1) (% inorganic-N (% 15N applied) 
leached) 

N03- NH4+ total 

BW- 558 141 699 0.569 81.12 46.47 
(61 ) (54) (50) (0.061 ) (3.27) (4.99) 

BW+ 106 76 182 0.108 67.95 8.82 
(93) (5) (89) (0.028) (17.52) (2.31 ) 

op- 0 13 13 0.004 26.11 0.33 
(5) (5) (0.001 ) (7.38) (0.138) 

op+ 0 17 17 0.005 26.39 0.407 
(7) (7) (0.002) (6.19) (0.180) 

yp- 0 48 48 0.027 54.46 2.18 
(12) (12) (0.027) (2.85) (0.583) 

yp+ 0 74 74 0.050 66.80 4.09 
(7) (7) (0.011 ) (8.99) (0.875) 
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Organic-N 

The mobility of organic-N is generally considered to be low (Cameron and Haynes, 

1986). Organic-N in leachates was calculated as the difference between the total-N 

and the total inorganic-N in the leachates. Leachates were analysed for organic-N 

from day 2 to day 81. The salicylic digest method proved unsuccessful in determining 

organic-N contents in the leachates from the BW soil. High nitrate concentrations 

caused non-quantitative recovery of total nitrogen in the digest. A check of the 

literature showed that others have also reported incomplete recovery of nitrate by 

salicylic acid (e.g. Craswell and Martin, 1975). In the BW soil, however, leaching of 

organic-N is unlikely. For example, following the application of 15N-labelled synthetic 

urine (500 kg N ha-1) to a silt loam soil, recovery of organic-N in the leachate, after 1 

year, was effectively zero (Fraser, 1992). 

In the peat soils, a change in leachate colour was observed with the leachates 

becoming a darker brown over the period of the experiment (Figure 7.20). The 

leachates from the YP treatments were darker than the OP treatments and this 

coincided with greater leaching of organic-N (Table 7.11). Organic-N was measured 

in the peat soils but the amounts were low and because of the time and expense 

involved 15N determinations were not performed. In Table 7.11 it was assumed that all 

the organic-N was derived from the 15N-labelled synthetic urine. However, this is 

unlikely because upon urea hydrolysis organic matter may also hydrolyze due to the 

high pH conditions produced. This may release immobilized 14N, carbon or organic 

polymers, which the labelled and unlabelled nitrogen may react with to form 

compounds, which may then leach. This type of process may explain the observed 

darkening of the leachates over time. The nitrogen content in humic or fulvic acids is 

low (Stevenson, 1982) and organic leaching losses in this study were small. 

Table 7.11 Mean recovery of urine nitrogen as organic-N in leachates from peat 

soils, assuming all organic-N originated from the urine nitrogen applied 

(numbers in brackets equal s.e.m). 

OP-

3.00 (0.58) 

OP+ 

2.76 (0.24) 

% 

YP-

3.43 (1.06) 

YP+ 

5.25 (0.18) 



Figure 7.20 
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Sub samples of leachates from VP+ treatment over time showing 

the dramatic change in leachate colour over time. 

7.4.5 Gaseous losses 

7.4.5.1 Ammonia volatilization 

Gaseous losses of the applied synthetic urine as ammonia were expected to be 

effectively nil due to the application of 10 mm of water following urine application 

(Black et a/., 1987). Measurements from four ammonia traps recorded a mean loss of 

NH3-N equal to 0.19 % of the synthetic urine-N applied with a standard error of 

0.06 %. Ammonia traps were sited on a Bruntwood silt loam on pasture adjacent to 

the field Iysimeters. No direct measurements were taken from the peat soils. Loss of 

nitrogen, as ammonia, in the peat soils should have been less than in the BW soil for 

two reasons. Firstly, the peat soils have a greater hydrogen ion buffering capacity 

(Section 4..3 .. 2.) and therefore the hydrolysis of urea should not have caused soil pH to 

have increased as much as in the BW soil. Secondly, the peat soils have a higher 

cation exchange capacity (Section 4.3 .. t). Adsorption of ammonium on to cation 

exchange sites reduces the amount of ammonium and therefore ammonia in solution 

at a given pH thus reducing potential ammonia volatilization. 
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7.4.5.2 Denitrification - N2 

Using the standard deviation of reference samples, the minimum significant 

detectable N2 flux, based on a 10 cm headspace height and a 1 hour sample period, 

was calculated to be equal to 0.2 kg N2-N ha-1 day-1. This was a consequence of the 

head space height being too large for accurate measurement of the dinitrogen flux. 

However, the priority was to ensure that plant growth was not affected by artefacts and 

it was unrealistic to have a small headspace (Section 7.3). Therefore at all sampling 

occasions, N2 fluxes must have been less than 0.2 kg N2-N ha-1 day-1 from the OP+ 

treatment. 

7.4.5.3 Denitrification - N20 

Production of nitrous oxide (N20) was greater in the BW soil than in the peat soils 

(Figure 7.21). The period of the experiment where the peak N20 flux in the BW soil 

occurred coincided with the occurrence of high nitrate concentrations in the soil, as 

indicated by the appearance of nitrate in the leachate (days 1 to about day 40, Figure 

7.19 a). The flux of N20-N peaked at 1.3 kg N ha-1 day-1 in the BW- treatment and at 

0.8 kg N ha-1 day-1 in the BW+ treatment. Generally, the BW+ treatment had a lower 

N20 flux than the BW- treatment. This may have been due to less nitrate substrate 

being present in the BW+ treatment. As noted above, concentrations of nitrate were 

lower in the BW+ leachates. 

Compared to the BW soil, fluxes of N20 were considerably lower in the OP and YP 

soils and only became slightly elevated towards the end of the measurement period, 

where it appears that N20 fluxes may have started to increase (Figure 7.21). In 

hindsight it is unfortunate that the sampling period was not extended beyond 100 

days, since it is almost certain, N20 fluxes would have been measured in the peat 

soils as time proceeded (Chapter 8). The reason why N20 was not measured at the 

same time as in the BW soil probably reflects differences in the rates of nitrification 

between the soils (Section 7.4.3.1). Nitrate formation was slower in the peat soils and 

any denitrification fluxes resulting from nitrate occurrence would have been measured 

at a later date than that in the BW soil. This may be the reason for the N20 emissions 

possibly starting to increase in the peat soils at the end of the sampling period (Figure 

7.21). The N20:N2 ratio could have been influenced by many variables such as soil 

acidity, high nitrate levels, availability of oxidizable organic matter, water content and 

oxygen levels. It is possible that, in the peat soils, production of N2 could have been 

favoured, rather than N20, more than in the BW soil. Possible denitrification 

mechanisms are discussed in the next chapter. 

The sampling period was initially thought to be of a sufficiently long enough duration 

at the time of sampling. Unfortunately, due to other technical demands, the data was 

not summarised and kept up to date as sampling progressed. 
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Figure 7.21 Nitrous oxide fluxes from field Iysimeters 

(error bars are ± one s.e.m.) . 
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If it is assumed that all the N20 measured in the cores was due to urine addition then 

the total amount of N20-N lost as a percentage of nitrogen applied can be calculated 

(Table 7.12). 

Table 7.12 Total N20-N measured over the experimental period 

(day 1 to day 95) as a percentage of urine-N applied (500 kg N ha-1). 

N20-N as % of N applied 

BW- 3.0 

BW+ 1.5 

Op- <1.0 

Op+ <1.0 
yp- <1.0 

yp+ <1.0 

Dinitrogen losses are unknown but it was shown in the first denitrification experiment 

that the N20-N:N2-N could be as high as approximately 6:1. If the ratio was of this 

magnitude for the BW- treatment in the field experiment, a total of 18 percent of the 

nitrogen applied could have been denitrified. This is equal to the 15N unrecovered in 

the field experiment, within the margin of error (Section 7.4.6). For the BW- treatment it 

is feasible that the apparent denitrification loss (Section 7.4.6) could actually have 

been due to denitrification. 

7.4.6 Nitrogen balance of 15N applied 

The use of 15N-labelled synthetic urine enabled nitrogen budgets to be constructed 

for the soil cores and applied treatments in this experiment. Samples of 15N-labelled 

urine had been applied to soil and analysed immediately to check on the ability to 

recover 100 % of the 15N applied. Recovery equalled 105 ± 3 % at time zero. 

Apparent denitrification loss has been estimated as the difference between total 15N 

recovered and the amount applied. 

Mechanisms for determining soil nitrogen budgets, along with specific examples, 

have been reviewed by Legg and Meisinger (1982). Mean recovery of 15N applied for 

each treatment and its distribution between components of the nitrogen cycle can be 

seen in Figure 7.22. A detailed recovery of 15N applied, on an individual core basis, is 

presented in Appendix 3.15. The mean total 15N recovered and the presumed 

gaseous loss for each treatment are shown in Table 7.13, along with a 95 % 

confidence interval of the means. The apparent gaseous loss is hereafter referred to as 

the denitrification loss, since ammonia volatilization was effectively nil. 
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Figure 7.22 Recovery of 15N applied in the various fractions 
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Table 7.13 Mean total recovery of 15N applied and apparent gaseous loss 

with associated 95 % confidence intervals. 

Treatment Total recovered (%) Gaseous loss (%) 

BW- 83.6 ± 9.0 16.4 ± 9.0 

BW+ 65.6 ± 9.6 34.4 ± 9.6 

Op- 48.8 ± 2.4 51.2 ± 2.4 

Op+ 47.1 ±2.0 52.9 ± 2.0 

yp- 54.3 ± 4.6 45.7 ± 4.6 

yp+ 52.6 ± 6.1 47.4 ± 6.1 

Components making up the total 15N recovery and treatment differences between 

these components have already been discussed and will not be reiterated here. The 

most salient features amongst the treatments (Figure 7.22) were the relatively high 

total recovery of 15N, high leaching loss and low denitrification loss in the BW

treatment. This was significantly different from the other treatments (p < 0.001). 
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In the BW- treatment, the apparent denitrification loss as shown by the 95 % 

confidence interval ranged between 7 % and 25 % of the 15N applied as measured by 

difference. Actual measurement of N20 fluxes accounted for 3 % of the 15N applied in 

the BW- treatment (assuming all N20 was from the 15N applied). If the denitrification 

gas comprised N20 and N2 then the mean N2:N20 ratio would need to range from 

approximately 2 to 8 for a denitrification loss of 7 % to 25 % with N20 comprising 3%. 

This may be feasible, since in the first denitrification experiment the N2:N20 ratio 

equalled 6. Factors affecting this ratio are discussed in the next chapter. 

In the BW+ treatment, the apparent denitrification loss (Table 7.13) was approximately 

double that of the BW- treatment. Catchpoole (1975) traced 15N fertilizer (150 kg N 

ha-1) in a Rhodesgrass pasture and measured apparent losses equalling 0, 4, 12 and 

28 % of 15N applied in field moist cores, cores at field capacity, cores with a water 

table at 5 - 8 cm below the surface and cores with the water table at the soil surface 

respectively. The presence of a water table would be expected to enhance 

denitrification due to the creation of anaerobic conditions. Reasons for this are 

discussed in the following chapter. Peat soils had greater apparent denitrification 

losses, representing approximately 50 % of the 15N applied in all peat soils. As seen 

in Figure 7.22 the higher denitrification losses in the peat soils are at the expense of 

lower leaching losses. The following chapter discusses possible reasons for higher 

denitrification losses in the peat soils. 

There appear to be no other studies of the fate of urine applied to peat soils. However, 

a few long term studies have attempted to produce a nitrogen balance following urine 

application to a mineral soil. Whitehead and Bristow (1990) applied 15N labelled 

cattle urine to a perennial ryegrass sward at 740 kg N ha-1 and measured 

denitrification losses (using acetylene blocking methods) on 21 occasions over 321 

days. Denitrification accounted for 6.7 % of the nitrogen applied (adjusted for initial 

loss by drainage). This may be an underestimation of the denitrification loss due to the 

small number of sampling occasions, as will be shown in the next chapter. Fraser 

(1992), using 15N-labelled synthetic urine at the same rate as in this experiment, 

recorded losses of 19 % and 28 % of N applied due to denitrification in subsoiled and 

non-subsoiled Iysimeters. Those losses (Fraser, 1992) were measured by difference 

and presumed to be denitrification since, as in this experiment, ammonia volatilization 

was considered negligible due to the application of 10 mm of water following urine 

application. 

Direct comparisons of apparent denitrification losses are difficult to make due to 

differences in rainfall volume and distribution, soil type and experimental periods. 

However, the presumed denitrification losses in the BW soil are of a similar magnitude 

when compared to other work. In contrast, the presumed denitrification losses in the 

peat soils appear large in comparison. 
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The apparent gaseous losses in the peat soils could have been overestimated if 

experimental errors in technique occurred. For instance if bulk density of the peat soils 

was underestimated then the moles of nitrogen in the soil sample and 15N recovery in 

the soil would also have been underestimated. To test this, a calculation was 

performed where bulk densities of the peat soils were increased by 1 ° %. This 

resulted in only a small increase in 15N recovery in the soil of 3 % or less in all four 

peat treatments. 

It was also suggested that nitrate may have been unaccounted for in the peat 

leachates due to denitrification from the leachates prior to analysis (Selvarajah pers 

comm., 1993). However the leachates were collected immediately after rainfall and a 

biological inhibitor had been added to the leachate collection vessel prior to leaching 

occurring. Therefore, denitrification from leachates prior to analysis should not have 

occurred. However, to test this possibility, peat leachates which had been stored at 4 

DC since the end of the experiment were spiked with a known amount of nitrate and 

their nitrate concentrations were immediately analysed. These spiked leachate 

samples were then left for 24 hours in a warm laboratory before being reanalysed. In 

all cases the concentration of the nitrate in the peat leachates was the same as when 

it was first added. Ideally this check should have been performed several times over 

the course of the experiment. 

The possibility of gases other than N20 or N2 diffusing from the peat soils can not be 

excluded either. Ammonia volatilization was presumed to be effectively nil in the peat 

soils due to the addition of water immediately following urine application (after it had 

soaked into the peat) and also the higher CEC and buffering capacity of the peat soils 

compared to the BW soil. Measurements from the BW soil showed ammonia 

volatilization to be effectively nil. No actual measurements of ammonia volatilization 

were done on the peat soils in the field Iysimeters. Hence this loss pathway cannot be 

totally excluded as a component of the presumed gaseous loss but it must be 

considered very unlikely. Nitric oxide can also be produced in acid soils high in 

organic matter (Section 2.6.2.3). Measurements of this gas were not performed and, 

potentially, it could have been a component of the presumed gaseous loss. 

Another reason for the apparent gaseous loss of the peat soils being so high could be 

the entrapment of nitrogen gases in the soil following denitrification. Any entrapment 

of gas would not have been quantified using the enclosure method. Lindau and 

Patrick (unpublished data, 1987 - quoted in Lindau et al., 1988) were unable to 

measure expected denitrification fluxes, from flooded rice systems, using highly 

labelled 15N-urea (30, 64 and 99 atom % 15N), mass spectrometer techniques, 

collection times up to 24 hours and headspace heights of 2-3 cm. Subsequent 

laboratory studies by Lindau et al. (1988), simulating a flooded soil system, revealed 

significant quantities of applied 15N-urea could be entrapped in soil 33 days after 
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addition (28 % of the 15N-urea was entrapped as N2 and 44 % was denitrified as N2). 

Similarly Samson et al. (1990) also found that the measured evolution of (N2 and 

N20)_15N failed to quantify denitrification due to the entrapment of 15N gases in 

flooded soils with differences between estimated denitrification loss by difference and 

the direct measurement of 15N-(N2 and N20) recovery ranging from 28 to 42 %. 

Reynolds et al. (1992) examined the anomaly of low hydraulic conductivities and high 

porosity's in peats and found methane (from anaerobic respiration) could become 

entrapped in unsterilized intact cores of peat. 

The peat soils used in this experiment were not flooded rice soils but they did hold 

relatively large amounts of water compared to the BW soil. Nitrification rates were 

slower in the peats and consequently denitrification could have occurred over a later 

period than in the BW soils. Therefore a proportion of the presumed gaseous loss may 

have been entrapped in the peat soils during this experiment. This entrapped gas 

may have avoided detection by diffusing after gas sampling stopped or it may have 

been released upon core destruction. Wet soils favour the reduction of nitrous oxide to 

dinitrogen (Chapter 8). Dinitrogen, like methane, is relatively insoluble in water (see 

below) and might possibly behave in a similar manner to methane with the 

occurrence of bubble ebullition in wet soils. Enclosed head space measurements 

cannot readily quantify bubble ebullition events (Crill et al., 199,1;). 

Consider the following: 

The amount of N applied to each core was 1.225 g N. Half of this is 0.6125 g N, 

equating approximately the apparent gaseous loss in a peat soil. What volume would 

this nitrogen occupy if it was entrapped in the peat field Iysimeter as dinitrogen? Using 

the ideal-gas equation (PV = nRT) where; 

P= 1 atm. 

V= unknown volume 

n= moles of N2 = 0.6125/29 = 0.0211 

R= 0.08206 L-atm.lmoles-K 

T= 10 °C = 283.15 K 

v = nRT/P = 0.490 L 

Could the pore space present in the peat cores at the end of the experiment 

accomodate this amount of gas? 

Total core volume = 7250 cm3 

Porosity OP = 84.2 % 

Average bulk density of peat over 29 cm depth = 0.26 g cm-3 

Gravimetric water content at core destruction = 1.79 g water g soil-1 



Total pore volume = 7250 cm3 x 0.842 = 6105 cm3 

Soil volume = Total core volume - pore volume = 1145 cm3 

Mass soil = soil volume x bulk density = 298 g 

Mass of water = gravimetric water content x mass of soil = 533 g 

Since 1 g water = 1 cm3 then the volume of water = 533 cm3 

Air volume in core = Total pore volume - water volume = 5572 cm3 

Assuming that this air is 79 % N2 then the volume of N2 = 4402 cm3 

= 4.402 L 
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Using the ideal-gas equation (PV = nRT), at 1 atm and 10 oC, the moles of N2 can be 

calculated to equal 0.1895 moles. 

The mass of 0.1895 moles of N2, using a molecular mass of 29, equals 5.4955 g 

of N2. 

However, as well as the water in the soil, upon core destruction there was free water 

in the core from the water table treatment. Assuming this free water totally filled the 

bottom 20 cm of the Iysimeter, the above calculations were repeated using a depth of 

10 cm (the depth unfilled by the free water). The mass of N2 in the air space in the top 

10 cm can be calculated to be 1.8946 g. This is still more than the 50 % of the N 

applied (0.6125 g N) that is presumed to be a gaseous loss. 

Another possible source of unaccounted for urine-N is N2 dissolved in the leachate. 

The average drainage in the OP+ treatment was 507 mm. This equates to 12.675 L of 

leachate. Dinitrogen, like methane, is relatively insoluble in water. At 10 oC two 

volumes of N2 dissolve in one hundred volumes of water (Budavari, 1989). Assuming 

the soil pore space gas comprised of 79 % N2 then 12.675 L of leachate could have 

had 0.200 L of N2 dissolved in it. 

Using the ideal-gas equation (PV = nRT), at 1 atm and 10 oC, the moles of N2 can be 

calculated to equal 0.0086 moles. The mass of 0.0086 moles of N2, using a molecular 

mass of 29, equals 0.2497 g of N2. Due to the slower nitrification in the peat soils and 

therefore slower denitrification, any dissolved 15N2 in the leachate would not have 

been present over the entire duration of the experiment. However, it could have been 

an important loss pathway over the final period. 



114 
The presumed denitrification loss could therefore have been unaccounted for due to : 

(i) diffusion of N2 or N20 gas from the soil cores after denitrification 

measurements ceased, 

(ii) entrapment of N2 or N20 gas in the soil cores, 

(iii) leaching of N2 or N20, 

(iv) diffusion of other gases besides N20 or N2, ego NOx. 

A possible scenario for an unaccounted for loss of 50 % may have been the following: 

(a) leaching of dinitrogen occurred over the final 50 days of the experiment. A 

total of 81 mm of drainage occurred over this period which can be calculated to 

equal 0.04 g of N2 (3 % of the N applied). 

(b) entrapment of N2 occurred, amounting to 31 % of the N applied. 

(c) diffusion of denitrification gases, after denitrification sampling ceased, 

equalled 16 % of the N applied. 

In total, such a scenario would account for 50 % of the urine-No 

7.5 Conclusions 

Under the conditions of this experiment, the transformations and fate of the 

15N-labelled synthetic urine were influenced by water table and soil type: 

(i) In the BW- treatment, plant uptake and apparent denitrification of 15N-labelled 

synthetic urine were relatively low, whereas leaching losses were high. 

(ii) Incorporation of a water table in the BW soil (BW+) markedly decreased 

leaching losses of 15N-labelled synthetic urine, but increased plant uptake and 

apparent denitrification loss. 

(iii) Both peat soils suffered relatively high apparent denitrification losses and low 

leaching losses. 

(iv) Nitrification rates differed between soil types. 

(v) No nitrate was detected in the leachates from the peat soils. 

(vi) Leachate from the BW- and BW+ soils contained nitrate in excess of the WHO 

limit for potable water. 

(vii) The substantial apparent denitrification losses in the peat soils warrant closer 

inspection and should be examined in more detail in terms of the potential for 

entrapment and losses of dinitrogen in the leachate. 
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CHAPTER 8: SECOND DENITRIFICATION EXPERIMENT 

8.1 Introduction 

All the previous experiments indicated that denitrification was likely to be a major loss 

pathway for 1sN-labelied urine applied to soil. The first denitrification experiment 

showed significant losses of N20 due to urine application and indicated that N2 could 

also be a component of the denitrification loss. Unfortunately, measurement of the N2 

component was unsuccessful in the field experiment. Apparent denitrification losses, 

however, still appeared to have been significant. For this reason, a further 

denitrification experiment was carried out with the primary objective being to measure 

the N20 and N2 gas losses from 1sN-labelied synthetic urine applied to the soils. Prior 

to this experiment being undertaken the results and implications of the field study 

(Chapter 7) had not been fully collated and the possibility of gas entrapment in the soil 

was not realised. 

8.2 Experimental design 

The 3 soils (BW, OP and YP) were replicated 4 times giving a total of 12 cores. These 

cores (8.5 cm diameter by 29 cm deep) had 50 atom % 1sN-labelied urine applied. A 

further 9 untreated cores were used as controls (3 replicates of the 3 soils) to monitor 

N20 fluxes in the absence of synthetic urine. This gave a total of six treatments as 

follows: 

BW plus 50 atom % 1sN-labelied urine .................... BW+ 

OP plus 50 atom % 1sN-labelied urine .................... OP+ 

YP plus 50 atom % 1sN-labelied urine ..................... YP+ 

BW minus urine ............................................................. BW-

OP minus urine .............................................................. OP-

YP minus urine ............................................................... YP-

8.3 Specific materials and methods 

Intact soil cores (30 cm long) were extracted in smaillysimeters from the field sites. 

The cores were then taken back to Ruakura and placed in containers of shallow water. 

The water level was raised slowly over several days. The intention of this procedure 

was to expel any earthworms within the cores and thus reduce the potential effects 

they might have on subsequent variability of gas fluxes. The use of a chemical such as 

potassium permanganate to expel earthworms was considered undesirable since its 

potential effect(s) on biological denitrifiers was unknown. Cores were then allowed to 

drain before being freighted to Lincoln University where they were allowed to 

equilibrate, at 8°C, in a growth cabinet. Prior to treatment applications, the plants were 

trimmed to the surface of the soil. 
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Synthetic urine (10 g N L-1) was prepared as described previously (Section 3.4). The 

enrichment equalled 50 atom % 15N. This was applied at a rate equivalent to 500 kg 

N ha-1 (28 mL), and allowed to soak in before 60 mL of distilled water was applied, to 

simulate 10 mm of rainfall, reducing any potential ammonia volatilization. Control 

cores had 88 mL of distilled water applied. Cores were watered on a schedule which 

aimed to simulate the rainfall pattern of the previous field experiment. The experiment 

was conducted in a controlled temperature growth cabinet at Lincoln University and 

ran for a period of 59 days. The growth cabinet temperature was 8 °C from days 1 to 

41 and 12°C from days 42 to 59. These temperatures represented the mean daily 

initial and final soil temperatures (10 cm) in the field experiment. 

Over the 59 day period, gas sampling and measurements were undertaken for N2, 

N20 and NOx gases (cores had PVC caps placed over their ends during gas 

collection, creating an air tight 1 cm head space). 

Sampling for NOx gases (NO and N02) was performed using a method adapted from 

Perry and Young (1977). Air was drawn through the head space, for 16 hours, at 150 -

200 mL min-1 then passed through solutions of triethanolamine and acidic potassium 

permanganate which trapped and converted the NOx gases to N02-. The amount of 

N02- was then determined calorimetrically on a spectrophotometer (540 nm in a 4 cm 

cell). 

8.4 Results and discussion 

8.4.1 Growth cabinet temperature 

To enable the growth cabinet to run at 8 °C the lights had to remain off. This meant 

plant growth was non-existent. Ideally this experiment would have run for the same 

duration as the field experiment but time and resources precluded this happening. It 

was noticed, as will be shown, that the gas fluxes from the YP soil were considerably 

lower than the other soils prior to day 42 of the experiment. It was thought this could 

be temperature related so the growth cabinet temperature was increased on day 42 to 

the mean soil temperature recorded at the end of the field experiment (12 OC). 

8.4.2 NOx emissions 

Sampling for NOx was carried out for 16 hour periods. The BW soil was sampled on 

days 3, 6 and 14, the OP soil on days 4, 7 and 15 and the YP soil on days 8 and 16. 

Measurements of NOx emissions failed to detect any flux significantly greater than the 

control values (from ambient air). Colbourn et al. (1987) measured emission of NOx 

from urine treated pastures. In their study urine was applied (447 kg N ha-1) to a loam 

soil and the resulting NOx emissions were monitored for approximately 2 weeks using 

a system of enclosures coupled to a chemiluminescence NOx analyser. Emissions of 

NOx over this time represented approximately 0.04% of the urine-N applied and were 
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associated with nitrification of ammonium nitrogen derived from hydrolysis of organic-

N constituents in the urine applied. Factors controlling NOx emissions have been 

succinctly reviewed by Galbally (1989) and also referred to in Section 2.6.2.3. It was 

thought that due to the high organic matter content and acidity of the peat soils 

chemical production of NOx might have occurred. While measurements in this 

experiment have shown losses of NOx-N from synthetic urine to be negligible, a 

finding supported by Colbourn et al. (1987), this cannot be considered a definitive 

answer since, NOx sampling was not performed over the entire duration of the 

experiment. Emphasis was placed on the measurement of N2 and N20 fluxes and 

unfortunately time and resources were unable to meet more frequent and longer term 

NOx emission measurements. 

8.4.3 Denitrification fluxes 

8.4.3.1 Nitrous oxide 

Statistical analyses were performed on log transformed data with results presented as 

geometric means (Figure 8.1). Data showing the range of N20 fluxes within soil 

treatments are presented in Appendix 4.1. 

Mean total N20 emissions from the urine treated cores were significantly higher than 

the mean N20 emissions from the control cores over the entire S9 days of the 

experiment (p < 0.001). The mean emissions from each soil (the mean of urine treated 

and control cores) differed due to soil types. From days 2 to 38 the YP soil had lower 

emissions than the other two soils while from days 49 to S9 the BW soil had lower 

emissions than the peat soils. Interactions between soil type and urine treatment 

occurred between days 3 to 11 (p < O.OS), days 27 to 31 (p < O.OS) and days 49 to S9 

(p < 0.001), (Figure 8.1). Mean peak daily fluxes (urine treated cores) from the BW, OP 

and YP soils were 1.S4, 1.72 and 1.81 kg N20-N ha-1 day-1 respectively. These peak 

fluxes for the BW, OP and YP soils occurred on days 14, S9 and S9 respectively. The 

N20 fluxes, in the urine treated cores, peaked earlier in the BW soil than in the peat 

soils where N20 fluxes were continuing to increase over time. In the control cores, 

fluxes were much lower with peak values of 0.020,0.011 and 0.003 kg N20-N ha-1 

day-1 for the BW, OP and YP soils respectively. For most of the experiment, mean N20 

fluxes from the control cores were less than 0.010 kg N20-N ha-1 day-1 (Figure 8.1). 

Hence, urine had a stimulatory effect on the production of N20. 



Figure 8.1 

Figure 8.2 
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N20 fluxes from 15N urine treated and control cores versus time 
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15N labelled gas fluxes from 15N urine treated cores. 
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8.4.3.2 15N-labelled gas flux 

Fluxes of 15N-labelled gas were calculated from the mass spectrometer results where 

they were quantified as dinitrogen (Appendix 4.2). This dinitrogen was originally 

present in the headspace sample as N20, N2 and possibly other nitrogenous gases 

such as NH3 or NOx. However, it may be reasonably assumed that NH3 production 

was effectively nil due to the addition of 10 mm of water following urine application 

(Black et al. 1987) and that NOx production was also negligible (Section 8.4.2). 

Therefore, in this study, the two primary components of the 15N-labelled gas flux were 

considered to be N20 and N2. The 15N-labelled gas fluxes are shown in Figure 8.2 for 

the three soils. 

The daily 15N-labelled gas fluxes (only able to be measured on the 15N labelled 

synthetic urine treated cores) were significantly higher than the N20 fluxes from the 

control cores (p < 0.001) (compare Figure 8.1 and Figure 8.2). This is not surprising 

since the 15N-labelled gas fluxes comprised a urine induced N20 flux plus N2 and the 

urine induced N20 flux by itself has already been shown to be greater than the control 

N20 flux. 

Soil type also influenced the mean daily 15N-labelled gas flux (p < 0.01 to P < 0.05). 

This flux (Figure 8.2) was recorded at close to 1.0 kg N ha-1 day-1 approximately 5 

days after the application of urine in the BW soil but took approximately 10 days and 

50 days to reach these same levels in the OP and YP soils respectively (Figure 8.2). 

After approximately 30 days the 15N-labelled gas fluxes from the BW soil diminished 

but became slightly elevated again after the growth cabinet temperature was 

increased, at day 42, and maintained a flux of approximately 0.40 kg N ha-1 day-1 

(Figure 8.2). The 15N-labelled gas fluxes from the YP soil continued to increase, 

approaching 1.0 kg N ha-1 day-1 by day 59, however this could have been 

underestimated and it may have been even higher than this (see following section). In 

the OP soil, the 15N-labelled gas flux continued at greater than 1.0 kg N ha-1 day-1 

between days 10 and 59 (Figure 8.2). 
,. "",f, .-, 

8.4.3.3 Calculation of dinitrogen emissions and their potential underestimation 

Before discussing dinitrogen fluxes a discussion is presented on how these were 

calculated and reasons Why they could have been underestimated in some cases. 

As noted previously the 15N-labelled gas flux determined using the mass 

spectrometer was considered to be comprised of both the dinitrogen and nitrous oxide 

fluxes. The nitrous oxide fluxes were measured independently on a separate gas 

chromatograph. If these N20 fluxes are subtracted from the 15N-labelled gas fluxes, 

this provides a measure of the dinitrogen fluxes. In Figure 8.3 (a), (b) and (c) the 15N

labelled gas fluxes and nitrous oxide fluxes from individual cores are presented for 

each soil type. 
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A salient feature is the occurrence of urine induced N20 fluxes, on occasion, being 

greater than the 15N-labelled gas fluxes (e.g. Figure 8.3 c, rep 4). In principle this 

should not happen but reasons why it could are discussed below. 

Possible reasons why the 15N-labelled gas fluxes were less than the N20 fluxes are: 

(i) incomplete reduction of N20 to N2 on the mass spectrometer reduction column 

prior to isotopic analysis, 

(ii) spatial variability in the 15N enrichment of the denitrification substrate(s), 

(iii) nitrification of unlabelled nitrogen producing unlabelled N20, 

(iv) the occurrence of chemodenitrification leading to fluxes of unlabelled 

N20 (and/or N2). 

Consider first the possibility of incomplete reduction of N20 to N2. Examining the YP 

soil (Figure 8.3 c) it can be seen that urine induced N20 fluxes are greater than the 

15N-labelled gas fluxes from three of the four cores, especially after the temperature 

was increased at day 42. The urine induced N20 fluxes were equal to the 15N

labelled gas fluxes from the YP soil, rep 1, at rates of emission up to approximately 1.5 

kg N20-N ha-1 day-1. However, in the three remaining cores, fluxes of 15N-labelled 

gas were less than the urine induced N20 fluxes at approximately the same rates of 

emission, or less. Similarfluxes (1.5 kg N20-N ha-1 day-1) of urine induced N20 

occurred from the BW soil (Figure 8.3 a) with almost all of the 15N-labelled daily gas 

fluxes being equal or greater than the urine induced N20 fluxes. Hence it appears that 

incomplete reduction of N20 to N2 on the mass spectrometer is an unlikely 

explanation for 15N-labelled gas fluxes being less than the urine induced N20 fluxes. 

The second possible reason for the 15N-labelled gas fluxes being less than the urine 

induced N20 fluxes is spatial variability in the 15N enrichment of the denitrification 

substrate(s). The underlying assumption of the isotope ratio approach for measuring 

28N2, 29N2, and 30N2 is that the N2 (or N20) evolved originates from a single pool of 

nitrate that is isotopic,aIlY,Jmifqrm (Mulvaney and Boast, J 986; Mulvaney, 1991). 

However, if relative pools of fertilizer derived nitrogen «in this case urine derived 

nitrogen) and native soil nitrogen have different 15N enrichments this assumption is 

invalid. Where spatial v~iability in the 15N enrichment of nitrogen pools occurs, 
!:' 

emission of N2 (or N20) will be underestimated (Boast, Mulvaney and Baveye, 1988; 

Mulvaney, 1991). When denitrification occurs in two pools differing in their enrichment 

of 15N, the error in measuring 15XN, d and therefore N2 evolved depends upon the 

magnitude of the difference in enrichments (Vandet'\· Heuvel, Mulvaney and Hoeft, 

1988). As the magnitude of this difference increases, 15XN is overestimated, d is 

underestimated and consequently N2 (or N20) emissions are also underestimated. 

The magnitude of this underestimation is not large unless there is a considerable 

range of 15N enrichments (Mulvaney, 1988). 
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Theoretically it is possible that the 15N-labelled gas fluxes, from the YP soil, could 

have been underestimated if spatial variability in the 15N enrichment of nitrogen pools 

occurred. Mulvaney (pers comm, 1993) has performed extensive work on this 

methodology and recalled only one instance where spatial variability in the 15N 

enrichment of the denitrification substrate(s) occurred. This involved production of 

N20 from two pools of NH20H differing widely in their 15N enrichment (Mulvaney, 

1988). The two pools differed by 37 atom % 15N producing a 31 % underestimation of 

the N20 evolved. 

The apparent underestimation of the 15N-labelled gas fluxes is most prominent in the 

YP soil particularly after day 42 when the temperature was raised from 8 0C to 12 0C. 

The temperature rise, by itself, did not increase the N20 fluxes after day 42 since 

control cores did not show a similar rise in N20 fluxes. The increase in N20 fluxes was 

due to the urine applied. Urine application could have caused salt affects or pH 

changes and hydrolysis of organic matter with subsequent release of unlabelled 

inorganic-No This release of organic-N into inorganic-N forms may be termed 

'priming'tJansson and Persson, ,1982). This unlabelled inorganic-N may not have 

taken part in denitrification until the warmer soil temperature occurred. Possibly the 

increase in temperature promoted further chemical changes in the YP soil making the 

unlabelled inorganic-N available for denitrification. 

A third possibility for the 15N-labelled gas fluxes being less than the urine induced 

N20 fluxes might be nitrification of unlabelled ammonium. This unlabelled ammonium 

could have been produced by a 'priming' effect. Production of unlabelled N20 due to 

nitrification may then have occurred. Monaghan (1991) found nitrification from urine 

patches did not release significant amounts of N20. High rates of N20 production are 

more commonly associated with denitrification rather than nitrification (Firestone and 

Davidson, 1989). However, nitrification, as a mechanism of N20 production has not 

been measured in this study and cannot be discounted as a source of N20 (labelled 

or unlabelled). 

The fourth and perhaps the most likely reason for the apparent underestimation of the 

15N-labelled gas fluxes is chemodenitrification. The requirement for isotopic uniformity 

also applies if the 15N methodology is used for measuring N2 (or N20) arising from 

chemodenitrification (Mulvaney, pers comm 1993). However, there are additional 

complications that may preclude the use of the 15N methodology, these are listed 

below (Mulvaney, pers comm 1993): 
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(a) gaseous products may include NOx species (NO, N02, N204, etc.) as well as 

N2 and/or N20. If gas sampling has been carried out under aerobic conditions 
NOx is likely to be undetectable, as NO would be rapidly oxidized to N02 which 
is extremely reactive (e.g. towards water) and does not escape from the soil. 
Under anaerobic conditions NO may be present along with N2 and/or N20, the 
NO may be converted to N2 and influence the results of the analysis (the 15N 
methodology for measuring N2 and N20 has never been evaluated for 
determination of NO; such evaluation would be essential to its use in the study 
of chemoden itrification). 

(b) the N2 under analysis must be formed by random combination of isotopic N. 
This is not necessarily the case with chemodenitrification. For example, in the 
reaction of N02- with primary amines to form N2 (the Van Slyke reaction), only 
one of the N atoms is derived from the N02- and the proportions of 28N2, 29N2, 
and 30N2 will definitely not follow a binomial distribution, as is required to 
calculate 15XN and d. 

Attempts to measure NOx in the YP soil were only performed on days 9 and 17, well 

before day 42 and the significantly higher gas fluxes after this time. The possible 

production of NOx can not be ruled out as a reason for the apparent underestimation 

of 15N-labelled gas fluxes. A small experiment using 15N-labelled NaN02 and NaN03 

was performed to see what gas fluxes, if any, would occur following the addition of 

NaN02 (N2 and N20 data presented in Appendix 4.3). These compounds were 

applied as a solution (500 kg N ha-1) to cores of the YP soil. Immediately after 

application an obvious odour (thought to be N02) was detected from those cores that 

received NaN02. This suggested that some form of chemodenitrification was 

occurring in the YP soil in the presence of N02-, although the rate applied was 

unrealistically high. 

Analysis of N20 by gas chromatograph is unaffected by the isotopic composition of the 

N20. Therefore the urine induced N20 flux from the YP soil, analysed using a gas 

chromatograph, can be considered a true measure. This suggests that the measured 

15N-labelled gas fluxes did not account for a proportion of the N20 produced and 

therefore that any chemodenitrification process(es} produced N20. Relatively large 

fluxes (1.5 kg N ha-1 day-1) of N20 were measured from the YP soil when NaN02 was 

added to this soil (Appendix 4.3) compared to those of the NaN03 treatment. One 

possible chemodenitrification mechanism resulting in N20 production, from 14N and 

15N sources, may be the reaction of hydroxylamine with nitrous acid (Haynes and 

Sherlock, 1986). Hydroxylamine is postulated as an intermediary in the oxidation of 

NH4+ to N03-. Any priming effect that released 14NH4+ may be a source for 14N

hydroxylamine which could then react with 15N02- to form N20. Stevenson et al. 

(1970) in studies of nitrosation of soil organic matter, found the reaction of nitric oxide 

with humic substances in the absence of oxygen led to the production of N20. In this 

study, nitric oxide may form from the 15N urine source and react with 14N humic 

substances. 
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The question remains as to why the apparent underestimation of the 15N-labelled gas 

fluxes did not occur in the BW or OP soils after day 42 ? There may be two possible 
explanations. Firstly the amount of organic-N differed between the soils, being higher 
in the peats and lower in the BW soil. So, potentially there was less 14N available in 

the BW soil. The YP soil was less mineralized than the OP soil and the readily 
available mineralizable N may have been higher in the YP soil than in the OP soil. 

Therefore if the applied urine solubilized organic-N, the amounts and forms 

solubilized could have differed between the soils. The second possible reason for the 
apparent underestimation of the 15N-labelled gas fluxes not occurring in the BW or OP 

soils after day 42 could possibly be due to different mechanisms of gaseous loss 

operating or multiple mechanisms operating concurrently. If different mechanisms of 
denitrification were occurring then any possible spatial variability in the 15N 

enrichment of nitrogen pools may not have affected these different mechanisms 

evenly. Although the soil N02- pool usually remains small, all of the nitrogen which 

nitrifies to N03- must pass through the N02- pool, at least momentarily, and it must 

diffuse from the NH4+ oxidizers to the N02- oxidizers (Davidson, 1992). Relatively 

rapid hydrolysis and nitrification of the urea-N in the BW soil could have resulted in the 
rapid formation of a uniform N03- pool for biological denitrification. Prerequisites for 

chemodenitrification are acid conditions with the presence of organic matter and these 
occurred in the YP soil. Perhaps, a slower nitrification rate in the YP soil could have 

have slowly "leaked" N02- which may have undergone chemodenitrification, resulting 

in differences between soils in the underestimation of N2 (or N20) evolved. 

8.4.3.4 Calculated dinitrogen emissions 

The mean daily N2 fluxes are presented in Figure 8.4 for each of the three soils (and 

Appendix 4.3). Significant differences in mean N2 fluxes occurred due to soil type (p 
< 0.05) from days 2 to 7,9 to 12,14,19,23,24,30 and 31. After day 42, statistical 

comparisons between the three soils, while shown, are not plausible due to the 

apparent underestimation of the 15N-labelled gas fluxes from the YP soil causing 

"negative N2 fluxes". While negative gas fluxes of N2 are highly unlikely to occur (Le. 
adsorption of N2 into the soil cores) they are presented this way, rather than as zero 

values to demonstrate the potential underestimation of N2 fluxes in the YP soil 

(Section 8.4.3.2). In th~'BW 'soil, N2 production was immediate following urine 

application, commencing at 0.44 kg N2-N ha-1 day-1, peaking at 0.91 kg N2-N ha-1 

day-1 on day 5, then gradually declining to a low level at day 30 before continuing at 

approximately 0.15 kg N21N ha-1 day-1 (Figure 8.4). The mean N2 fluxes from the BW 

soil were occasionally negative but this is most likely due to analytical error as 

opposed to the YP soil where a definite negative trend in mean N2 fluxes occurred, 
due to a consistent apparent underestimation of the 15N-labelled gas fluxes as 

described above. Initially, in the OP soil the mean N2 flux was not as great as in the 
BW but by day 10 it was. Following day 10 the N2 flux from the OP soil was erratic but 

was generally higher than the BW soil with a mean N2 flux over the 59 days of 
approximately 0.6 kg N2-N ha-1 day-1. Prior to the mean N2 flux becoming negative in 

the YP soil its rate was approximately 0.05 kg N2-N ha-1 day-1. 
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Figure 8.4 Mean N2 flux versus time. 

8.4.4 Total gaseous loss of synthetic urine applied 

Total gaseous losses were determined by integrating the area under the curves of 

flux versus time for the entire 59 days. Total losses are shown in Table 8.1 as a 

proportion (%) of N applied and as kg N ha-1. The total N20 loss varied due to soil (p 

<0.05), urine application (p <0.001) and a soil by urine application interaction (p < 

0.05). The urine treated OP soil produced more N20 than the other soils. By day 59, 

the BW urine treated soil had passed its peak N20 flux. If the experiment had gone on 

longer, additional N20 production probably would not have added significantly to the 

N20 already produced, in the BW soil. However, in the OP and YP urine treated soils 

the rate of N20 production was continuing at relatively high rates and had the 

experiment continued the additional N20 produced would have added significantly to 

the N20 already produced. 

The N2 loss (calculated as the difference between 15N-labelled gas loss and N20 gas 

loss) was not significantly different in the OP or BW soils due to the high variability. 

However, the OP soil was tending to have a greater loss of N2. Total losses of 15N_ 

labelled gases were significantly higher in the OP soil than in the BW soil (p < 0.001). 

This was due to greater N20 production in the peat soil and a tendency for that soil to 

produce more N2. Total loss of 15N-labelled gas from the YP soil was not considered 

due to the apparent underestimation of the N2 component. Had the experiment 

continued it would have been of interest to see if the apparent underestimation of the 

15N-labelled gases continued in the YP soil. 



Table 8.1 Total gaseous losses from soil cores over 59 days 

Gas Fraction Urine treated Control 

BW OP yp s.e.d. BW OP yp 

kg N ha- 1 

15N -labelled 33.37 79.23 -3.42 9.18 

N20 18.50 41.83 24.53 6.36 0.44 0.18 0.06 

N2* 14.74 36.43 # 17.33 

BW OP yp s.e.d. 
% of N applied 

15N-labelled 6.67 15.85 # 1.84 

N20 3.70 8.37 4.91 1.27 

N2* 2.95 7.29 # 3.47 

* Calculated as the difference between the 15N labelled gas fraction and the N20 gas fraction. 

# Unable to be calculated due to underestimation of 15N labelled gas fraction. 
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s.e.d 

6.36 

It is apparent from the gaseous losses measured here that the urine-N losses that 

remained unaccounted for in the field experiment (Le. presumed to be due to 

denitrification) could actually have been due to denitrification. While experimental 

conditions in the growth cabinet differed from the field experiment (e.g. nil plant uptake 

of nitrogen, shorter experimental period and simulated rainfall) it has been 

demonstrated that denitrification fluxes from the three soils, particularly the peats, can 

be of sufficient duration and magnitude to account for the apparent denitrification 

losses in the field experiment estimated by the 15N balance method. 

8.4.5 Comparison of growth cabinet nitrous oxide fluxes with the field experiment. 

Due to differing conditions of the two experiments direct comparisons are impossible. 

However some trends and differences should be noted. 

Figure 8.5 shows that the mean N20 fluxes, over the initial 35 days, from the BW soil 

in the growth cabinet and the field experiments are of similar magnitudes although the 

growth cabinet N20 flt& was mostly higher. This could be due to a lack of daily 

measurements in the field experiment and/or the lack of plant uptake of nitrogen in the 

growth cabinet experiment which may have left more nitrate available for 

denitrification. 
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Figure 8.5 Comparison of the N20-N fluxes from the BW soil in this experiment 

(growth cabinet) and the field lysimeter experiment. Error bars are ± one s.e.m. 
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In the peat soils it appeared that N20 fluxes may have been starting to increase in the 

field experiment after SO days (Section 7.4.5). N20 fluxes occurred from the OP soil in 

the growth cabinet much earlier than this and before the temperature was increased. 

Recall that uptake of nitrogen by plants did not occur in the OP soil in the growth 

cabinet, so denitrification could possibly have occurred earlier if denitrifiers were not 

competing for denitrification substrates. Comparisons can not be made for the YP soil 

since the temperature was increased prior to any significant increase in N20 flux. 

However, for the YP soil, N20 fluxes might also be expected to occur earlier in the 
, "./y\ A 

growth cabinet experiment due to the lack of plant uptake of nitrogen. 

S.4.6 Soil pH and C/N/atios 

Soil pH was affected by a soil by depth interaction (p < 0.001) with the soil pH in the 

peat soils being more acidic in the unlimed depth (20 - 29 cm). The pH at this depth for 

the BW, OP and YP soils was 5.00, 4.05 and 4.35 respectively. The C/N ratio of the 

soils followed a pattern similar to the field experiment with a soil by depth interaction 

(p < 0.001). 
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8.4.7 Inorganic-N remaining in cores after 59 days 

After 59 days the soil cores were extruded and analysed for inorganic-No Analysis of 

log transformed data showed that the remaining ammonium was influenced by soil 

type (p < 0.01). Mean values for the BW, OP and YP soils were 7,50 and 86 J..Lg NH4+

N g-1 dry soil. In contrast to the previous field experiment, high concentrations of 

nitrate were found in the soils. A soil by depth interaction affected nitrate distribution (p 

< 0.05). Nitrate (analysed as (N02- + N03-)-N) concentrations ranged from 31 to 191 
J..Lg N03--N g-1 dry soil in the BW soil, increasing with depth; 142 to 215 J..Lg N03--N g-1 

dry soil in the OP soil, staying relatively constant over depth; and 277 to 502 J..Lg N03-

N g-1 dry soil in the YP soil, increasing with depth up to 20 cm then decreasing in the 

20 -29 cm depth (Figure 8.6). Higher levels of nitrate in this experiment, compared to 

the field experiment, may have been due to the shorter experimental period (59 days 

versus 150) and the lack of actively growing plants to take up nitrogen from the soil. 

The presence of nitrate in the YP soil provides evidence that nitrification was taking 

place. However, due to the method of analysis nitrite could possibly have been 

present also. In the more acid depth (20 - 29 cm) of the YP soil the nitrate may have 

come from shallower zones in the soil or could possibly be due to chemical oxidation 

of nitrite which has been noted to occur in acid soils (Haynes, 1986; Bartlett, 1981). 

Figure 8.6 Mean (urine treated and non-treated) concentration of N03--N in soil 

cores after 30 days 
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8.4.8 N20-N: (N2-N + N20-N) 

The ratio of N20 to N2 released is sensitive to environmental and soil factors (Table 

8.2). Details of how these factors influence the N20-N : (N20-N + N2-N) ratio have 

been noted by various authors (Rolston, 1981; Firestone, 1982; Sahrawat and Keeney, 

1986; Firestone and Davidson, 1989). 

Table 8.2 Summary of the factors that affect the relative proportion of N20-N in the 

(N20 + N2)-N to evolved via the denitrification process (Firestone and Davidson, 1989). 

Factor 

[N03-] or [N02-] 

[02] 

pH 

Carbon 

Temperature 

Enzyme status 

Trend to increase N20-N: N2-N ratio 

Increasing concentration 

Increasing concentration 

Decreasing pH 

Decreasing C availability 

Decreasing temperature 

Low N20 reductase activity 

It is likely that the N20-N : (N20-N + N2-N) ratio might have varied between the soils in 

this growth cabinet study and the field experiment. Nevertheless, it is useful to 

consider the measured N20-N : (N20-N + N2-N) ratio in this experiment and to attempt 

to account for variations in it in relation to the factors presented in Table 8.2. 

Until approximately day 10 the N20-N : (N20-N + N2-N) ratio was very low 

(approximately 0.2) in both the BW and OP soils (Figure 8.7). The excess of N2 

production over N20 during this time may be due to urine affects (Monaghan, 1991). 

Specifically; following urine application soil pH rises due to urea hydrolysis, carbon 

may be solubilized, N03- and N02- concentrations are relatively low until nitrification 

has commenced, soil aeration is lower due to the application of liquid (urine and 10 

mm of simulated rainfall) and the generation of carbon dioxide during urea hydrolysis. 

All of these factors will promote a low N20-N: (N20-N + N2-N) ratio. 

Factors which would favour a higher N20-N : (N20-N + N2-N) ratio in the BW soil, 

compared to the peats include; initially higher N03- concentrations due to a faster 

nitrification rate, better aeration in the BW soil, a higher soil pH, possibly less available 

carbon and maybe lower soil temperatures. Conversely factors favouring reduced 

N20-N : (N20-N + N2-N) ratios in the peat soils include; initially lower nitrate levels, 

less aeration due to higher water content of the peats, greater acidity and possibly 

more available carbon. N20-N : (N20-N + N2-N) ratios of the BW and OP soils were 

determined using the mean daily fluxes (non-transformed). When the N20-N : (N20-N 

+ N2-N) ratios of the BW and OP soil are compared they are actually very similar 

(Figure 8.7). Higher ratios appear to occur during or soon after simulated rainfall 
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events, however, the pattern is very complex. Rainfall would have reduced aeration 

stimulating denitrification with initially a higher production of N20 rather than N2. Once 

the soil drained, aeration would have increased, which in the presence of high nitrate 

concentrations, may be the reason for the increased N20-N : (N20-N + N2-N) ratios at 

these times. 

Figure 8.7 Comparison of N20-N : (N20-N + N2-N) ratios from BW+ and OP+ 

treatments versus time 
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8.5 Conclusions 

This experiment has shown that: 

(i) Application of synthetic urine increased nitrogen gas losses, thought to be the 

result of denitrification processes. 

(ii) Denitrification was instant and rapid following urine application to the BW soil. 

(iii) There appeared to be different mechanisms of gaseous loss operating in the 

three soils. It is possible that chemodenitrification was responsible for some of 

the gas fluxes from the YP soil. 

(iv) The presence of nitrate in the YP and OP soils in the absence of plant uptake 

indicated nitrification does occur. 

(v) Fluxes of N20 from the BW soil were comparable in the field and growth cabinet 

experiments. 

(vi) The denitrification fluxes measured in this study show that the apparent 

denitrification losses in the field study could have been real. 
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CHAPTER 9: GENERAL CONCLUSIONS AND FUTURE WORK 

9.1 General conclusions 
This study, using 15N-labelled urine-N, has provided fundamental information on the 

plant uptake, leaching and denitrification of urine-N after following application to a 

mineral and two peat soils from the Waikato. The influence of denitrification on urine-N 

was assessed and the forms, amounts and concentrations of urine-N leached were 

determined. Using 15N-labelled synthetic urine-N enabled a nitrogen mass balance to 

be calculated for a field Iysimeter study 

The use of small soil cores (Chapter 5 and 7) to monitor the appearance and 

disappearance of ammonium and nitrate following urine deposition indicated that net 

nitrification proceeded at greatly different rates in the three soils studied (Bruntwood 

silt loam (BW), well developed peat soil (OP) and a less developed peat soil (YP)). 

The appearance of ammonium and nitrate occurred rapidly in the BW soil following 

urine deposition. However, in the peat soils, ammonium and nitrate formation was 

more protracted. It was argued that the differences in nitrification rates may have been 

due to differences in the soils' chemical, biological and physical characteristics. For 

example the BW soil was more fertile, had a higher soil pH and was better drained (in 

the absence of a water table) than the peat soils. The presence of a water table 

treatment decreased the nitrification rate. For instance in the field experiment (Chapter 

7), no inorganic-N was recovered after 159 days in the BW soil without a water table 

(BW-) but both ammonium and nitrate were recovered from the same soil with a water 

table (BW+). The same was true in the peat soils, with more inorganic-N being 

recovered from peat soils in the presence of a water table (Chapter 7, Figure 7.14). 

The differences in the rates of nitrification subsequently played a role in determining 

the fate of the urine-No 

In the BW soil the major loss pathway of urine-N, in the absence of a water table, was 

leaching of nitrate. In the field Iysimeter study leaching accounted for 47 % of the 15N 

applied to the BW- soil (Chapter 7). This leaching loss was reduced to only 9 % of the 

15N applied when a water table was incorporated (BW+) . Loss of urine-N due to 

leaching accounted for < 5 % in the OP and YP soils regardless of water table 

treatment (Chapter 7). 

Not only were there differences between soils in the amounts of urine-N leached but 

also in the forms of nitrogen leached. For example, in the field experiment (Chapter 7) 

the inorganic-N leached from the BW- treatment was 80 % N03--N and 20 % NH4+-N. 

This changed with the inclusion of a water table to 58 % N03--N and 42 % NH4+-N. 

However, in the peat soils no nitrate was leached and any inorganic-N that was 

leached was as NH4+-N. The rapid nitrification of the urine-N in the BW soil may have 

created a pool of nitrate which exceeded the ability of the pasture plants to utilise this 
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nitrate, thus leaving it vulnerable to leaching. The slower rate of nitrification in the 

peats meant that urine-N remained in the ammonium form for a longer period, thereby 

resulting in more efficient uptake of ammonium and reduced leaching of the urine-No 

In terms of nitrate contamination of ground water, leachates from a grazed mineral soil 

(BW) may pose a larger potential threat to ground water quality and its subsequent 

use than leachates from peat soils. Nitrate concentrations of leachates from the BW 

soil (up to 146 Ilg N03--N mL-1) exceeded World Health Organisation standards 

(11 Ilg N03--N mL-1) by a considerable margin (Chapter 7). 

Denitrification has been shown to be a loss pathway in all soils but especially in the 

peat soils. The initial Iysimeter experiments (Chapter 5) showed apparent 

denitrification losses to be substantial (approximately 20 to 50 % depending on 

treatment). A nitrogen balance of the 15N applied in the field experiment (Chapter 7) 

also showed apparent denitrification losses to be a major loss pathway of applied 

urine-No The apparent denitrification loss in the peats was approximately 50 % of the 

15N-labelled urine-N applied, while it was 16 % in the BW- treatment and 34 % in the 

BW+ treatment. Experiments specifically designed to examine denitrification losses 

(Chapter 6 and Chapter 8), using 15N-labelled synthetic urine-N, showed that the 

denitrification losses consisted of N20 and other 15N-labelled gases which were 

thought to be predominantly N2. However, in the YP soil it appeared that 

chemodenitrification may have been occurring and that other gases besides N2 may 

also have been generated. In the field experiment (Chapter 7), N20 fluxes in the BW 

soil coincided with high nitrate concentrations in the leachate which indicated there 

was a pool of denitrifiable N03--N in the soil. This was a result of rapid nitrification in 

the BW soil creating a pool of nitrate in excess of the pasture's ability to utilise it. In the 

peat soils, slow nitrification meant that denitrification may have taken longer to 

commence (in fact the second denitrification experiment (Chapter 8) showed that the 

onset of denitrification occurred in the order BW > OP > YP). The large apparent 

denitrification loss of urine-N (Chapter 7) was not detected by gas measurements in 

the peat soils possibly because of further reduction of N20 to N2 to below detectable 

levels, the entrapment of denitrification gases within the soil, the loss of dissolved N2 

in leachate and the diffusion of the other nitrogenous gases (e.g. NOx, N20 and lor 

N2) after denitrification sampling ceased. Urine-N increased the concentration of 

dissolved N20 in leachates. However, this was not a major loss pathway for urine-N 

from the soils (Chapter 6). Increasing the soil temperature also increased the 

denitrification losses (Chapter 6 and Chapter 7). 
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9.2 Future work 

(i) This study has shown that nitrification rates differed between the BW, OP and 

YP soils. Presumably this was due to differences in soil chemical, biological and 

physical characteristics but it is unclear which factors dominate. Is it only one factor 

such as soil pH ? What are the actual nitrifying organisms present in the peat and BW 

soils? Further work on nitrification using 15N methods should be done to clarify 

nitrification processes in the peat soils. This could help explain why nitrate did not 

leach from the peat soils and may aid in the understanding of the denitrification 

processes in these soils. 

(ii) High concentrations of nitrate were leached from the BW soil (Le. below 30 cm 

depth) although what happens to this nitrate once it moves into the soil profile below 

30 cm is unanswered. Is some or all of it denitrified or does the nitrate continue into 

the ground water? Further work could be done to examine the potential for 

denitrification at depths greater than 30 cm in the BW soil. 

(iii) What are the exact denitrification mechanisms operating in these soils? Does 

biological denitrification predominate or is chemodenitrification a major process in the 

more acidic peats? Future work could examine these mechanisms. 

(iv) Approximately 50 % of the applied urine-N was apparently denitrified from the 

peat soils in the field experiment. Field measurements of N20 production indicated 

low levels of N20 evolution, however laboratory experiments indicated that nitrous 

oxide losses could represent a significant proportion of the total gas loss. Considering 

the importance of N20 to global warming and stratospheric ozone destruction further 

work is required to accurately assess field losses of nitrous oxide. 

(v) Examination of loss processes at different times of the year should be studied 

so that annual nitrogen budgets can be constructed. This would enable the efficiency 

of nitrogen cycling in pasture soils to be determined. 

(vi) Further work needs to be done to resolve the discrepancy between apparent 

denitrification based on 15N budgets and direct measurements of N20 and N2. 
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APPENDIX 1 Data from Chapter 5: Preliminary Iysimeter experiments. 

Appendix 1.1 
Effect of depth, time and soil type on ammonium levels in the initiallysimeter experiment (glasshouse 
experiment 1 (a». Numbers in brackets are standard errors of the mean. 

~g NH4+-N g-1 dry soil 

Week 1 

Depth yp+ yp- Op+ OP- BW-

0-5cm 1972 (215) 2347 (732) 1163 (203) 1158 (201) 268 (36) 

5-10 493 (215) 414 (248) 394 (44) 384 (143) 109 (35) 

10-15 266 (144) 834 (381) 217 (87) 622 (31) 151 (72) 

sum 2732 (574) 3596 (1362) 1773 (334) 1604 (375) 527 (143) 

Week 2 

Depth yp+ yp- Op+ OP- BW-

0-5cm 1131 (149) 1677 (99) 1230 (251) 707 (167) 143 (37) 

5-10 695 (107) 584 (30) 401 (133) 359 (166) 76 (35) 

10-15 610 (72) 535 (153) 98 (32) 219 (104) 24 (12) 

sum 2436 (328) 2796 (282) 1729 (416) 1285 (437) 242 (81) 

Week 4 

Depth yp+ yp- Op+ OP- BW-

0-5cm 1981 (359) 1695 (290) 1427 (232) 547 (245) 6 (3) 

5-10 792 (111) 371 (96) 338 (82) 145 (101) 3 (2) 

10-15 202 (71) 59 (33) 84 (18) 5 (1) 3 (0) 

sum 2975 (541) 2125 (419) 1849 (332) 697 (347) 12 (5) 

Week 6 

Depth yp+ yp- Op+ OP- BW-

0-5cm 2098 (266) 733 (292) 1038 (429) 18 (9) 5 (1) 

5-10 796 (140) 549 (82) 418 (35) 8 (3) 4 (1) 

10-15 204 (39) 169 (98) 87 (16) 5 (2) 2 (1) 

sum 3098 (445) 1451, (472) " 1543 (480) 21 (15) 11 (3) 

Week 8 

Depth yp+ yp- Op+ OP- BW-

0-5cm 578 (196) 12 (2) 240 (140) 7 (2) 3 (0) 

5-10 662 (180) 6 (0) 262 (180) 4 (1) 3 (0) 

10-15 98 (50) 3 (1) 237 (62) 17 (14) 591 (183) 

sum 1338 (426) 21 (3) 739 (382) 28 (17) 597 (183) 
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AI;mendix 1.2 
Effect of depth, time and soil type on nitrate levels in the initial Iysimeter experiments 
(controlled temperature room, experiment 1 (a)). Numbers in brackets are standard errors of the mean. 

/-Lg N03--N g-1 dry soil 

Week 1 

Depth yp+ yp- Op+ OP- BW-

0-5cm 11 (4) 14 (5) 14 (6) 59 (35) 117 (6) 

5-10 3 (0) 2 (1) 5 (1) 43 (7) 74 (12) 

10-15 5 (3) 8 (1) 3 (0) 30 (8) 35 (7) 

sum 19 (7) 24 (7) 22 (7) 132 (49) 226 (26) 

Week 2 

Depth yp+ yp- Op+ OP- BW-

0-5cm 7 (1) 13 (5) 88 (33) 244 (27) 105 (36) 

5-10 0.(1 ) 9 (1) 11 (4) 96 (24) 136 (22) 

10-15 4 (1) 20 (7) 5 (2) 78 (20) 48 (14) 

sum 18 (3) 42 (14) 104 (38) 418 (71) 283 (71) 

Week 4 

Depth yp+ yp- Op+ OP- BW-

0-5cm 6 (1) 58 (49) 17 (11) 112 (58) 172 (38) 

5-10 5 (1) 17 (13) 3 (1) 208 (57) 79 (4) 

10-15 2 (1) 4 (0) 2 (0) 86 (44) 73 (7) 

sum 13 (3) 79 (62) 22 (12) 406 (159) 324 (49 

Week 6 

Depth yp+ yp- Op+ OP- BW-

0-5cm 11 (2) 117 (46) 36 (28) 123 (46) 131 (38) 

5-10 2 (1) 109 (54) 20 (17) 163 (55) 82 (4) 

10-15 8 (3) 64 (28) 6 (4) 111 (57) 75 (7 

290'(128) " sum 21 (6) 62 (49) 397 (158) 288 (49) 

Week 8 

Depth yp+ yp- Op+ OP- BW-

0-5cm 1 (1) 0(0) 5 (3) 1 (1) 3 (1) 

5-10 1 (1) 0(0) 2 (1) 1 (1) 43 (12) 

10-15 1 (1) 0(0) 1 (1) 3 (3) 4 (3) 

sum 3 (1) 0(0) 8 (5) 5 (5) 50 (16) 



Appendix 2 
Appendix 2.1 

Day 

BW 

Data from Chapter 6: First denitrification experiment 
~ean N20-N fluxes over thirty days (g ha-1 day-1) 

Minus urine 
aOc 1SoC 

OP BW OP BW 
aOc 

mean s.e.m. mean s.e.m. mean s.e.m. mean s.e.m. mean s.e.m. mean 
1 5 1 6 1 48 41 35 19 4 0 6 
2 4 1 4 1 4 0 37 15 4 2 5 
3 5 1 4 1 12 9 13 5 45 3 22 
4 6 1 5 1 28 20 13 3 39 14 49 
5 4 0 

"' 
3 0 24 16 18 6 49 26 60 

6 8 0 6 1 22 12 16 3 64 25 95 
7 5 0 3 1 31 26 22 9 82 30 94 
8 8 1 " 7 1 14 1 21 6 122 48 160 
9 8 2 6 1 56 47 41 14 122 51 41 

10 11 1 11 1 38 20 25 4 189 68 63 
11 12 1 11 1 41 25 29 10 85 30 58 
12 16 2 46 6 62 34 31 6 222 66 94 
13 4 1 6 2 38 30 21 6 120 65 69 
14 15 7 11 7 39 29 22 9 264 97 139 
15 5 1 6 1 30 21 22 6 162 88 113 
16 3 1 4 1 47 36 32 11 388 127 374 
17 2 1 2 1 58 32 27 7 221 100 342 
18 32 14 35 4 79 34 66 17 286 98 230 
19 13 5 13 4 37 24 19 3 213 112 348 
20 * * * * 136 40 3 2 206 68 316 
21 6 0 5 1 49 27 26 6 154 76 294 
22 5 1 37 25 96 42 41 5 273 90 463 
23 77 47 35 24 30 18 89 48 263 52 302 
24 85 8 85 7 124 21 106 8 317 153 471 
25 91 9 103 8 130 24 115 7 175 41 313 
26 84 10 112 9 129 22 113 11 157 16 427 
27 70 8 113 6 149 9 121 7 160 33 293 
28 82 15 * * 117 18 109 6 187 50 341 
29 81 9 80 5 106 13 101 5 155 35 208 
30 81 9 81 5 114 7 101 7 145 19 328 

* Values missing or not determined 

Plus urine 
1SoC 

OP BW OP 
s.e.m. mean s.e.m. mean s.e.m. 

1 41 24 23 5 
1 8 1 11 1 
5 12 4 61 10 

32 32 9 70 37 
48 146 83 266 222 
77 235 97 596 465 
67 720 468 733 468 

126 1066 515 713 142 
20 2678 848 745 169 
14 1746 355 1176 166 
27 1706 778 1438 371 
28 3513 1654 1672 330 
23 1337 520 2264 492 
49 1965 506 2702 213 
38 2132 847 1844 458 

143 3493 984 3310 407 
149 2220 590 1955 742 
100 2269 800 1846 583 
181 596 99 1459 575 
106 1006 427 2608 328 
102 2213 1670 1356 417 
148 1071 413 2500 261 
109 538 277 1629 153 
99 887 508 1235 351 

109 791 588 1333 393 
140 716 491 1464 484 
104 578 451 1294 373 
104 163 26 1352 403 
32 454 323 1068 248 
92 515 364 1155 300 

...... 
(J) ...... 



Apoondix 2 2 Nitrogen fluxes from 15N-labelled cores (g ha-1 day-1) -
Day 15N-labelled gas flux N20 flux 

BW OP BW OP 
Rep 1 Rep2 Rep 1 Rep2 Rep 1 Rep2 Rep 1 Rep 2 

1 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 
3 139 384 0 84 6 25 48 60 
4 1114 1287 2344 927 25 19 180 33 
5 1379 2042 3647 28 34 67 930 30 
6 ·2431 4120 5344 1681 210 109 1991 151 
7 \ 1510 3460 4510 2433 114 188 2129 407 
8 10817 9376 5994 4616 858 859 1137 606 
9 5019 7940 * 3454 1759 751 1237 464 

10 5163 8108 5830 5233 1728 758 714 1156 
11 3523 5561 3394 4273 645 1028 865 838 
12 5340 6301 5280 6221 1962 918 1803 1524 
13 2704 4243 3995 4054 697 776 1106 1887 
14 3165 9317 8539 8068 1366 931 2486 2226 
15 2530 22358 4451 3060 726 4507 1068 1125 
16 10488 8397 7334 9694 5775 966 3363 2247 
17 2529 10083 4598 4524 951 3283 1030 817 
18 3389 9515 3852 6101 3629 507 942 793 
19 2593 4529 4592 3073 679 797 1323 620 
20 4559 9085 7498 9771 2276 725 3470 2077 
21 3490 3810 2899 2142 7219 642 857 577 
22 3534 6268 7305 5956 2133 1318 2611 1846 
23 1762 1026 2572 2104 1171 143 2011 1350 
24 4071 7317 8550 6970 2401 285 2140 1432 
25 1899 1120 2746 2220 2552 262 2219 1764 
26 3675 6904 8268 6830 2187 281 2591 1945 
27 1826 1057 2855 2380 1929 165 2144 1688 
28 5738 5913 4051 5918 * 207 2285 1762 
29 2557 2317 1820 2144 1420 181 1649 1295 
30 2772 2763 2444 3173 1606 169 1919 1338 

* Values missing or not determined 



Appendix 23 Concentration of inorganic-N in soil cores after 30 days Mean of 4 replicates(s em) .... 
\ SoC 1SoC 

- N + N - N + N 
BW OP BW OP BW OP BW OP 

NH4+-N 7 (1) 17 (4) 161 (24) 392 (31) 15 (5) 8 (1) 39 (13) 49 (37) 

N03--N 3 (0) 7 (1) 9 (3) 53 (18) 4 (1) 11 (3) 30 (12) 104 (31) 

Total N 10 (1) 24 (4) 170 (22) 445 (15) 18 (4) 19 (4) 88 (38) 126 (29) 



Appendix 3 Data from Chapter 7: Field Experiment 

~ncIix31 Climate data 

- Temperature (OC) 
Max Min G min 10 em 20 em 30 em 1 m Hum- Rain PE ET Air T Frost Wind Wind 

idity foree run 
Day (%) (mm) (mm) (mm) (OC) (OC) (m) 

1 13 3.1 0.4 8.1 9.0 9.9 13.6 94 0 0.77 0.4 10.0 0 1 56 
2 11.5 8.1 5.6 9.5 10.0 10.5 13.5 93 0 0.82 0.7 9.0 0 1 96 
3 14.9 4.9 0.2 8.0 9.9 10.6 13.3 88 8.4 0.99 0 6.2 0 2 184 
4 15.6 5.9 4.3 10.7 10.5 11.0 13.3 86 1.6 0.97 0.5 12.8 0 3 248 
5 18.6 11.8 9.6 11.5 11.4 11.5 13.2 96 0.8 0.91 0.2 13.5 0 1 72 
6 15.0 10-:2 6.3 12.1 12.0 12.1 13.1 88 0.4 1.07 0.4 13.8 0 3 106 
7 15.6 3.0 0 9.8 11.8 12.0 13.2 92 0 1.09 0.7 16.8 0 1 62 
8 17.8 &.8 0.6 9.5 11.0 11.7 13.2 92 0.3 1.11 1 9.5 0 2 116 
9 14.8 2.4 -0.8 9.0 11.0 11.6 13.2 95 6.8 1.19 0.4 7.9 0.8 1 241 

10 16.6 8.2 7.4 11.1 11.2 11.7 13.1 79 0.7 1.02 1.1 14.8 0 5 238 
11 16.7 6.2 2.4 9.6 11.3 11.7 13.2 92 7.2 0.99 0 12.4 0 3 217 
12 12.6 8.4 4.7 9.6 11.1 11.6 13.2 84 4.7 1.17 0.3 8.9 0 4 179 
13 14.0 5.9 0.2 8.3 10.4 11.1 13.1 94 7.4 1.12 0 10.3 0 1 239 
14 13.6 8.4 3.6 9.4 10.5 11.1 13.1 68 0.5 1.04 0.3 10.6 0 1 156 
15 13.6 3.9 -1.1 7.7 10.0 10.7 13.1 92 0.7 1.09 0.1 8.7 1.1 2 135 
16 14.6 4.1 -1.5 7.6 9.7 10.6 13.1 89 16.0 1.11 0 9.8 1.5 1 205 
17 14.1 9.9 7.0 10.0 10.4 10.9 13.0 96 16.2 1.07 0.5 10.7 0 1 163 
18 13.0 6.5 3.9 8.7 10.1 10.9 12.9 87 0 1.11 0.9 7.0 0 4 135 
19 11.6 -1.3 -5.8 6.0 9.1 10.2 12.9 90 0 1.14 0.6 3.6 5.8 0 45 
20 11.8 1.3 -4.1 6.2 9.0 10.0 12.8 93 0 1.06 0.7 4.5 4.1 2 113 
21 12.9 2.2 -3.1 5.6 8.5 9.5 12.7 79 0 0.98 1.1 6.0 3.1 4 173 
22 10.4 -1.4 -6.6 5.0 8.0 9.1 12.7 82 0 1.01 0.7 3.0 6.6 1 75 
23 11.6 -3.3 -7.9 4.5 7.6 8.7 12.7 98 0 1.07 1.0 0.1 7.9 1 82 
24 11.8 -2.6 -7.4 4.1 7.5 8.3 12.5 88 0 1.0 0.6 0.1 7.4 1 48 
25 10.0 -2.0 -7.0 4.0 6.6 8.1 12.5 91 0 0.93 0.3 -0.6 7.0 1 65 
26 12.4 -0.9 -5.6 4.2 6.6 8.0 12.4 86 0 0.94 0.5 3.8 5.6 1 110 
27 14.6 4.0 0.5 6.5 7.8 8.5 12.1 86 0 0.93 1.4 8.9 0 3 164 
28 10.5 -1.0 -6.6 5.4 7.9 8.6 12.1 79 0 1.07 0.9 3.2 6.6 4 62 
29 12.0 -3.0 -6.9 4.5 7.1 8.2 11.9 74 1.2 1.23 0 2.0 6.9 1 72 
30 14.3 0.5 -1.9 5.3 7.5 8.2 11.8 96 0.5 1.08 1.9 2.2 1.9 1 173 
31 16.4 2.5 -0.1 8.0 8.1 8.8 11.7 79 4.6 1.06 0.9 14.1 0.1 5 213 



Appendix 31 Continued - Temperature (OC) 

Max Min G min 10 em 20 em 30 em 1 m Hum- Rain PE ET Air T Frost Wind Wind 
idity force run 

Day (%) (mm) (mm) (mm) (OC) (OC) (m) 

32 16.6 5.6 -0.6 8.5 8.9 9.2 11.6 90 0 1.08 1.0 13.2 0.6 1 185 
33 14.1 8.7 4.5 9.0 9.5 9.7 11.6 96 17.5 1.46 0 11.2 0 1 205 
34 14.0 9.1 5.0 9.8 10.1 10.1 11.5 91 0.3 1.45 1.0 10.7 0 4 181 
35 14.6 5,;8 -0.4 8.0 9.5 9.9 11.6 88 9.5 1.4 0 10.0 0.4 4 263 
36 14.8 7.9 1.7 9.7 9.7 10.1 11.5 90 13.8 1.41 0 13.6 0 4 172 
37 13.6 7.6 3.1 9.4 10.1 10.2 11.5 96 0 1.4 4.3 9.3 0 1 107 
38 12.8 0.9 -3.1 7.0 9.4 9.8 11.5 85 0 1.54 0 6.6 3.1 1 174 
39 12.6 5.9 -0.3 7.5 9.1 9.6 11.6 73 0 1.42 2.5 7.7 0.3 4 351 
40 12.1 6.0 1.1 6.9 8.9 9.5 11.6 59 0.4 1.34 0.9 8.0 0 5 214 
41 12.2 7.9 5.4 8.0 9.0 9.5 11.5 76 8.7 1.40 0 8.4 0 2 119 
42 14.0 8.4 0.3 9.2 9.4 9.8 11.5 95 11.6 1.43 0.4 11.3 0 2 151 
43 12.4 6.2 2.1 9.0 9.6 9.9 11.5 98 0 1.46 0.4 9.1 0 1 49 
44 13.9 1.8 -2.0 7.5 9.5 9.9 11.5 92 0 1.59 1.0 4.9 2.0 2 85 
45 14.8 0.3 -4.1 6.2 8.9 9.5 11.5 95 0 1.53 1.0 4.0 4.1 2 62 
46 12.1 -1.7 -5.1 5.6 8.3 9.1 11.4 94 0 1.40 0.2 -0.3 5.1 0 58 
47 11.6 0.3 -2.2 6.4 8.1 8.8 11.4 96 0 1.38 0.4 3.4 2.2 2 94 
48 15.9 3.3 3.2 8.4 8.9 9.3 11.4 83 6.5 1.24 0 11.7 0 2 274 
49 16.9 11.6 10.9 11.0 10.1 10.2 11.4 96 39.7 1.40 1.0 13.2 0 2 238 
50 15.0 11.8 10.8 11.7 11.6 11.2 11.4 89 6.0 1.74 1.5 13.1 0 2 323 
51 12.4 7.2 3.0 9.0 10.8 10.8 11.4 72 1.0 1.82 1.4 9.0 0 3 270 
52 15.1 9.0 2.8 9.2 10.1 10.0 11.4 85 11.0 1.84 0.5 12.1 0 4 272 
53 13.1 5.6 0.2 7.7 9.6 10.2 11.4 82 1.8 1.70 0.2 7.9 0 1 226 
54 13.9 8.0 3.3 9.2 9.6 10.2 11.4 82 12.3 1.85 0 12.6 0 5 213 
55 11.6 3.8 -1.7 7.6 9.5 9.9 11.4 76 0.2 1.70 0.9 6.3 1.7 4 181 
56 13.6 5.7 -1.3 7.9 9.0 9.7 11.4 76 1.7 1.92 0 11.6 1.3 3 222 
57 15.7 10.4 5.5 9.2 9.6 10.0 11.4 90 0.2 1.68 0.8 11.8 0 3 172 
58 15.0 7.4 2.2 9.5 10.0 10.2 11.4 73 1.0 1.93 0 12.4 0 5 224 
59 16.0 6.5 0.9 9.1 10.4 10.5 11.5 94 7.1 1.96 0.2 10.0 0 1 110 
60 14.5 7.1 1.9 9.1 10.5 10.6 11.6 96 0.2 2.01 0.5 10.2 0 1 133 
61 12.6 4.1 -1.1 7.6 10.0 10.3 11.6 80 0 1.93 1.0 9.6 1.1 4 169 
62 15.2 8.1 2.3 8.9 9.9 10.2 11.5 77 3.9 1.96 0.9 12.2 0 1 259 
63 13.7 10.0 7.3 10.0 10.4 10.6 11.6 93 6.6 1.96 0.0 10.6 0 1 145 



Appendix 3 1 Continued 

- Temperature (OC) 

Max Min G min 10 em 20 em 30 em 1 m Hum- Rain PE ET Air T Frost Wind Wind 
idity force run 

Day (0/0) (mm) (mm) (mm) (OC) (OC) (m) 

64 12.0 1.4 -3.9 7.1 9.9 10.3 11.6 76 0.3 2.11 0.8 6.0 3.9 1 176 
65 12.8 5.0 -1.7 7.0 9.1 9.7 11.5 78 0 2.06 1.1 10.2 1.7 1 148 
66 12.3 7.7 0.8 8.0 9.2 9.8 11.5 84 0 1.86 0.9 9.3 0 1 175 
67 15.2 9.9 8.1 9.4 9.8 10.0 11.6 82 17.7 2.09 0.2 11.0 0 5 328 
68 16.4 1h2 10.6 12.0 10.8 10.6 11.6 90 23.0 2.07 0 15.2 0 4 148 
69 15.5 11.5 10.3 11.8 11.6 11.2 11.5 93 4.9 2.18 0 12.8 0 4 260 
70 14.0 7.0 2.5 9.0 10.7 11.0 11.6 68 8.0 2.42 0.8 10.8 0 4 278 
71 14.4 i.6 4.9 9.8 10.5 10.8 11.6 92 11.1 2.32 0 11.4 0 4 250 
72 16.5 10.0 6.4 10.1 10.9 10.9 11.6 68 18.3 2.25 1.9 11.9 0 4 274 
73 14.8 8.0 3.5 10.1 10.6 11.0 11.5 90 12.9 2.31 0 11.8 0 5 426 
74 13.6 9.1 6.9 10.0 10.9 11.0 11.6 76 16.9 2.36 0.2 12.0 0 4 233 
75 12.9 7.4 4.9 8.6 10.1 10.7 11.6 85 7.4 2.38 0 8.7 0 3 199 
76 14.0 3.3 -1.9 7.6 9.9 10.4 11.6 86 0 2.42 1.5 9.2 1.9 1 139 
77 14.1 1.0 -4.3 6.5 9.5 10.1 11.7 92 0.3 2.27 1.2 6.1 4.3 1 130 
78 13.5 2.9 -2.4 7.6 9.1 10.0 11.7 93 8.6 2.32 0 8.5 2.4 5 278 
79 14.5 7.3 0.6 8.1 9.5 10.0 11.7 87 3.2 2.18 0 10.0 0 4 184 
80 12.7 7.6 0.8 8.6 9.6 10.1 11.7 96 1.6 2.34 0.7 9.2 0 0 199 
81 13.1 3.0 -2.4 7.1 9.5 10.0 11.7 74 0 2.58 2.4 7.3 2.4 0 240 
82 13.0 2.5 -4.3 6.1 9 9.8 11.7 57 0 2.56 2.2 8.1 4.3 6 148 
83 14.0 -2.5 -7.6 5.5 8.5 9.4 11.7 82 0.2 2.47 1.3 4.1 7.6 1 104 
84 13.7 2.7 -2.5 6.9 8.5 9.3 11.6 97 0.2 2.54 0.4 8.1 2.5 1 213 
85 14.9 4.9 -1.3 8.7 9.3 9.7 11.6 89 9.9 2.32 0.1 11.5 1.3 6 262 
86 9.7 7.0 3.4 8.6 7.8 10.0 11.6 93 14.2 2.59 0 7.5 0 4 245 
87 11.5 4.0 0.9 7.0 9.0 9.6 11.5 94 1.8 2.83 0.7 6.0 0 6 168 
88 11.7 1.6 -3.1 6.2 8.5 9.4 11.5 95 1.4 2.6 0.5 6.0 3.1 4 148 
89 12.1 2.6 -1.7 6.8 8.9 9.5 11.6 76 0 2.53 1.7 6.6 1.7 4 153 
90 12.8 -2.1 -6.6 5.5 8.4 9.1 11.6 87 5.7 2.56 0.9 4.6 6.6 1 199 
91 15.6 4.9 4.8 8.1 8.9 9.5 11.5 89 5.0 2.62 0.6 10.2 0 1 154 
92 14.7 8.6 4.9 9.6 10.0 10.1 11.6 87 0.6 2.51 0.9 11.6 0 4 185 
93 15.6 5.8 0 9.0 10.0 10.3 11.4 87 1.2 2.91 0.8 11.0 0 1 110 
94 16.5 4.2 0.5 8.6 10.0 10.3 11.5 95 1.9 3.03 1.3 11.5 0 1 123 
95 15.5 4.0 0.2 8.6 10.0 10.4 11.5 98 4.1 3.01 0.9 8.1 0 1 192 



Appendix 3 1 Continued 

Temperature (OC) 
Max Min G min 10 em 20 em 30 em 1 m Hum- Rain PE ET Air T Frost Wind Wind 

idity force run 
Day (% ) (mm) (mm) (mm) (oC) (oC) (m) 

96 15.0 8.6 5.1 10.1 10.5 10.7 11.5 87 4.3 3.07 0.7 11.1 0 4 127 
97 14.4 6.8 3.0 9.6 10.6 10.8 11.5 91 0.6 2.86 1.1 10.7 0 1 170 
98 13.6 5.1 -1.1 8.9 10.5 10.8 11".5 77 5.3 3.1 0.4 10.5 1.1 2 135 
99 13.8 6.0 1.1 9.1 10.3 10.7 11.6 87 4.0 3.09 0.8 10.0 0 1 125 

100 13.1 2.9 -1.1 7.7 10.0 10.5 11.6 71 6.2 3.11 0.2 10.2 1.1 2 161 
101 13.1 3.0 -0.9 8.0 9.9 10.5 11.6 80 0 3.09 1.6 9.1 0.9 1 146 
102 13.4 O~3 -4.9 7.0 9.6 10.3 11.6 71 0 3.13 2.5 7.6 4.9 1 109 
103 15.0 0.4 -4.6 6.5 9.3 10.1 11.6 91 0 3.08 1.9 7.6 4.6 1 84 
104 13.6 3.0 -2.1 7.8 9.5 10.1 11.7 97 4.3 2.99 0 8.2 2.1 1 207 
105 14.0 i.1 3.3 9.1 10.0 10.4 11.7 97 11.8 3.01 0.7 12.2 0 3 79 
106 15.0 1.0 -2.2 7.6 10.0 10.4 11.6 95 0 3.08 2.2 10.7 2.2 3 142 
107 16.0 0.1 -3.9 7.1 9.7 10.3 11.7 93 2.7 3.4 1.9 9.1 3.9 1 364 
108 15.7 9.1 7.1 9.6 10.4 10.6 11.6 97 1.6 3.31 0.5 10.8 0 6 119 
109 15.2 5.7 1.7 9.8 10.8 10.9 11.6 98 1.2 3.22 1.3 9.8 0 1 133 
110 16.2 3.5 -1.1 9.1 11.0 11.1 11.7 76 0 3.37 2.5 12.0 1.1 1 103 
111 15.3 2.6 -1.0 9.0 10.7 11.1 11.7 71 0 3.31 2.0 11.8 1.0 3 166 
112 15.8 7.8 1.7 9.7 10.9 11.2 11.7 77 2.6 3.51 1.8 12.1 0 1 165 
113 14.6 7.8 2.6 10.7 11.4 11.5 11.8 95 16.9 3.51 0 12.1 0 1 256 
114 16.5 11.4 9.3 11.7 12.0 11.8 11.8 87 0 3.56 3.1 13.1 0 3 188 
115 15.0 5.6 -0.1 9.8 11.8 12.0 12.0 83 2.0 3.58 1.9 10.1 0.1 2 173 
116 15.0 10.4 9.9 12.0 12.0 12.1 12.0 85 0.4 3.68 2.5 13.8 0 4 185 
117 14.5 3.4 0.5 9.5 11.5 11.9 12.0 61 0 3.47 3.1 11.4 0 4 327 
118 15.1 7.3 5.3 9.5 11.1 11.6 12.1 57 0 3.79 4.4 11.1 0 3 281 
119 15.6 3.8 -1.1 8.2 10.6 11.3 12.3 68 0 3.61 3.1 9.4 1.1 3 135 
120 16.4 3.6 -0.7 9.4 11.1 11.6 12.3 71 0 3.61 2.9 10.3 0.7 2 93 
121 15.2 2.6 -0.4 9.3 11.1 11.5 12.1 85 10.8 3.49 0 9.2 0.4 2 247 
122 17.1 9.6 5.1 11.2 11.5 11.6 12.2 82 3.9 3.58 0.6 15.0 0 4 209 
123 13.2 11.2 10.3 12.1 12.4 12.2 12.2 70 6.7 3.51 0 12.6 0 2 114 
124 16.6 5.0 1.1 10.0 12.0 12.2 12.4 76 0 4.01 3.3 8.8 0 2 151 
125 17.6 3.7 0.4 9.8 12.0 12.1 12.4 73 0 3.83 2.8 9.0 0 1 70 
126 16.0 1.6 -0.1 9.4 12.0 12.2 12.5 94 0 3.53 2.1 7.5 0.1 1 100 
127 18.1 3.9 0.8 10.1 11.8 12.1 12.5 91 0 3.57 2.5 10.7 0 1 148 
128 16.6 10.2 7.9 11.6 12.4 12.4 12.5 84 0 3.46 2.1 12.4 0 1 118 
129 17.1 5.5 1.7 11.0 12.5 12.5 12.5 81 0.1 3.75 2.4 12.7 0 3 205 



Aggendix 3 1 Continued 

Temperature (OC) 

Max Min G min 10 em 20 em 30 em 1 m Hum-
idity 

Day (%) 

130 16.8 9.6 6.1 11.7 12.5 12.6 12.5 92 
131 19.6 9.9 6.8 12.1 12.0 12.8 12.7 95 
132 17.7 10.9 8.2 13.4 13.7 13.4 12.6 90 
133 16.2 9.3 6.4 12.8 13.8 13.5 12.6 82 
134 11.0 5.6 1.4 11.0 13.0 13.1 12.8 95 
135 14.5 6.7 4.6 10.0 12.0 12.6 13.0 84 
136 17.3 7.9 4.1 10.5 12.1 12.5 13.0 75 
137 16.1 6.1 2.6 10.1 12.1 12.5 13.0 78 
138 17.6 3~2 0.7 10.2 12.4 12.6 13.0 98 
139 17.9 1.4 0.2 10.0 12.5 12.7 13.1 87 
140 18.5 7.2 1.1 11.6 13.0 13.1 13.0 90 
141 19.5 10.4 6.9 12.5 13.4 13.4 13.0 79 
142 15.5 14.5 13.3 14.0 14.0 13.7 13.1 94 
143 14.0 11.9 11.2 13.0 13.6 13.6 13.1 87 
144 18.6 9.4 8.3 12.0 13.0 13.3 13.2 96 
145 19.1 9;7 6.0 13.3 14.0 13.9 13.3 85 
146 17.5 11.4 6.4 13.3 14.1 14.0 13.4 75 
147 15.7 9.5 4.1 12.6 14.0 14.0 13.4 78 
148 17.2 3.6 -0.5 11.0 13.5 13.8 13.5 82 
149 17.2 5.2 1.2 10.9 13.2 13.5 13.6 74 
150 18.4 5,2 0.3 12.0 13.9 13.9 13.6 75 
151 21.6 4.4 1.4 11.6 13.9 14.0 13.6 71 

Rain PE ET 

(mm) (mm) (mm) 

0 3.91 2.1 
0.5 3.95 2.2 
2.2 3.94 1.6 
0.7 3.99 3.3 
1.6 4.12 0.2 
0.1 4.01 2.9 
2.5 3.54 1.4 
0 3.77 3.5 
0 3.99 3.4 
0 3.81 3.1 
0 3.76 3.9 
9.9 3.87 0.1 

41.7 4.18 1.0 
48.2 4.32 0 

1.0 4.29 1.8 
0 4.24 3.4 
0 4.01 3.9 
0 4.27 3.3 
1.8 4.23 2.3 
0 4.1 3.8 
0 4.1 4.8 
0 3.97 4.0 

Air T Frost 

(DC) (DC) 

12.4 0 
12.8 0 
14.1 0 
12.6 0 

7.1 0 
9.5 0 

11.9 0 
9.7 0 
9.0 0 

10.1 0 
13.4 0 
14.8 0 
14.3 0 
13.7 0 
11.0 0 
13.7 0 
13.2 0 
11.6 0 
11.5 0.5 
10.0 0 
11.1 0 
12.5 0 

Wind 
force 

4 
2 
3 
2 
5 
5 
4 
1 
1 
1 
6 
4 
5 
4 
1 
1 
5 
1 
1 
1 
1 
1 

Wind 
run 
(m) 

216 
195 
189 
199 
261 
268 
162 
105 

97 
107 
253 
383 
309 
204 

94 
151 
171 
118 
125 
107 
136 
126 

...... 
0) 
00 



ARRendix 32 Mean pasture dry matter yields (grams core-1) 
- Soil (S) Watertable (W) Soil x Watertable (S x W) s.e.d. 

-->- Vp OP BW - + Vp- Vp+ Op- OP+ BW- BW+ S W SxW 

Cut 1 Total 1.09 0.84 2.44 1.43 1.48 1.49 0.69 0.63 1.05 2.17 2.71 0.21 0.17 0.30 

Cut 2 Clover 0.11 0.07 0.97 0.50 0.27 0.11 0.11 0.04 0.11 1.36 0.57 0.21 0.17 0.30 
Non-legume 1.63 0.97 3.34 1.88 2.07 2.65 0.60 0.97 0.96 2.03 4.65 0.50 0.41 0.70 
Total 1.74 1.04 4.31 2.39 2.34 2.77 0.71 1.01 1.06 3.39 5.22 0.56 0.46 0.80 

Cut 3 Clover 1.12 , 1.00 6.50 3.35 2.40 0.62 1.61 0.17 1.83 9.26 3.75 0.78 0.64 1.11 
Non-legume 7.84 ' 8.89 12.18 7.75 11.52 10.32 5.36 9.03 8.76 3.91 20.46 1.61 1.31 2.28 
Total 8.95 9.89 18.69 11.10 13.92 10.94 6.97 9.20 10.59 13.17 24.21 1.58 1.29 2.23 

"-
Roots 4.60 9.14 16.96 10.09 10.38 6.20 3.00 10.51 7.78 13.57 20.36 1.57 1.28 2.22 

Total 16.68 20.91 42.40 25.20 28.12 21.99 11.37 21.33 20.48 32.29 52.51 2.41 1.97 3.41 

ARRendix 33 Mean pasture total N uptake (14N and 15N) grams N core -1 
. Soil (S) Watertable (W) Soil x Watertable (S x W) s.e.d . 

VP OP BW - + vp- Vp+ Op- op+ BW- BW+ S W SxW 

Cut 1 Total 0.072 0.054 0.112 0.077 0.082 0.096 0.049 0.041 0.066 0.094 0.130 0.011 0.009 0.016 

Cut 2 Clover 0.005 .0.003 0.046 0.024 0.012 0.005 0.005 0.002 0.004 0.066 0.026 0.009 0.008 0.013 
Non-legume 0.087 0.058 0.084 0.079 0.073 0.132 0.042 0.062 0.054 0.043 0.124 0.013 0.010 0.018 
Total 0.092 0.061 0.129 0.103 0.085 0.137 0.047 0.064 0.058 0.109 0.149 0.017 0.014 0.024 

Cut 3 Clover 0.030 0.032 0.206 0.109 0.071 0.016 0.044 0.005 0.059 0.305 0.108 0.022 0.018 0.030 
Non-legume 0.281 0.269 0.156 0.226 0.244 0.344 0.217 0.270 0.268 0.064 0.247 0.031 0.025 0.044 
Total 0.310 0.301 0.362 0.335 0.314 0.360 0.261 0.276 0.327 0.369 0.355 0.035 0.029 0.049 

Roots 0.075 0.179 0.238 0.193 0.135 0.109 0.041 0.258 0.100 0.211 0.264 0.040 0.033 0.056 

Total 0.549 0.595 0.841 0.708 0.616 0.702 0.398 0.639 0.551 0.783 0.898 0.041 0.033 0.058 



A(mendix 34 Mean nitrogen-concentration in shoots and roots (%) 

- Soil (S) Watertable (W) Soil x Watertable (S x W) s.e.d. 
vp OP BW - +- vp- vP+ OP- OP+ BW- BW+ S W S x W 

Pre urine application 2.27 2.10 3.56 2.46 2.83 2.04 2.50 1.95 2.25 3.39 3.72 0.15 0.13 0.22 

Cut 1 Total 6.83 6.49 4.57 5.84 6.09 6.62 7.04 6.56 6.42 4.34 4.81 0.43 0.35 0.60 

Cut 2 Clover 4.31 4.63 4.70 4.76 4.33 4.05 4.57 5.36 3.90 4.88 4.51 0.24 0.20 0.34 
Non-legume 6.31 :6.03 2.41 4.66 5.17 5.60 7.01 6.22 5.83 2.15 2.67 0.57 0.47 0.81 

\ 

Cut 3 Clover 2.66 3.40 3.11 2.98 3.13 2.45 2.88 3.19 3.61 3.30 2.91 0.28 0.23 0.40 
Non-legume 3.68 ,,3.08 1.54 2.76 2.77 3.41 3.94 3.03 3.12 1.84 1.24 0.35 0.29 0.50 

Roots 1.76 2.28 1.45 1.89 1.77 1.73 1.78 2.34 2.22 1.59 1.30 0.18 0.15 0.26 

At:::mendix 35 Mean 15N recovery in shoots and roots (%) 
Soil (S) Watertable (W) Soil x Watertable (S x W) s.e.d. 
vp OP BW - + vp- vP+ OP- OP+ BW- BW+ S W S x W 

Cut 1 Total 4.97 3.62 5.84 4.52 5.10 6.42 3.52 3.29 3.95 3.85 7.84 0.68 0.56 0.97 

Cut 2 Clover 0.17 0.23 0.57 0.24 0.40 0.13 0.20 0.19 0.27 0.39 0.74 0.19 0.15 0.27 
Non-legume 5.16 3.72 4.42 4.48 4.38 7.90 2.43 4.06 3.38 1.50 7.34 0.76 0.62 1.08 
Total 5.33 3.87 3.65 4.70 3.87 8.03 2.63 4.18 3.56 1.89 5.42 1.01 0.83 1.43 

Cut 3 Clover 0.98 0.86 0.86 0.45 1.35 0.38 1.57 0.25 1.47 0.73 0.99 0.42 0.34 0.59 
Non-legume 14.32 13.42 9.01 16.75 10.98 17.81 10.83 15.69 11.14 1.62 9.01 1.81 1.81 2.09 
Total 15.46 14.28 10.00 17.07 12.67 18.19 12.73 15.94 12.62 2.35 10.00 1.71 1.71 1.98 

Roots 1.90 4.20 4.78 3.12 4.14 2.76 1.03 3.80 4.61 2.80 6.76 0.63 0.52 0.90 

Total 28.45 25.34 21.79 24.07 26.32 35.36 21.55 25.95 24.73 10.90 32.68 1.81 1.48 2.56 



AR(;!endix 3 6 Mean composition~Of pasture in field Iysimeters (%) 
Soil (S) Watertable (W) Soil x Watertable (S x W) s.e.d. 

VP "OP BW - + VP- VP+ OP- OP+ BW- BW+ S W S x W 

Cut 1 Clover 5.5 5.0 12.3 7.4 7.8 5.0 6.0 2.7 7.3 14.7 10.0 4.5 3.6 6.3 
Grass 93.0 82.0 85.3 84.0 89.6 94.0 92.0 75.3 88.7 82.7 88.0 10.1 8.2 14.3 
Weed 1.5 12.7 2.3 8.6 2.4 1.0 2.0 22.0 3.3 2.7 2.0 8.13 6.64 11.50 

Cut 2 Clover 9.3 8.3 24.7 15.9 12.3 5.1 13.5 4.9 11.7 37.8 11.6 4.8 4.0 6.8 
Grass 85.3 57.8 71.5 66.2 76.9 92.3 78.3 49.0 66.7 57.3 85.7 10.3 8.4 14.5 
Weed 5.8 36.3 3.8 18.3 12.3 2.7 9.0 47.3 25.3 5.0 2.7 8.6 7.0 12.11 

Cut 3 Clover 14.1 9.0 43.5 26.5 17.9 6.4 21.9 2.1 15.9 71.1 15.9 5.72 4.7 8.1 
Grass 59.3 60.4 53.4 52.1 63.3 79.5 39.2 52.3 68.6 24.6 82.2 10.6 8.6 14.9 
Weed 26.5 30.6 3.1 21.3 18.8 14.1 38.9 45.6 15.5 4.3 1.9 8.8 7.18 12.43 



Appendix 3.7 Mean soil pH, earbon, nitrogen and C/N ratio of soils at core destruction. 

Nitrogen content (0/0) Carbon content (0/0) 

Treatment Treatment 
Depth vp- Vp+ Op- OP+ BW- BW+ Depth VP- Vp+ Op- OP+ BW- BW+ 
(cm) (cm) 

0-5 2.06 2.04 ~1.94 1.88 0.93 0.92 0-5 45.93 47.69 47.79 47.71 10.50 9.85 
\ 

5-10 1.87 1.92 1.88 1.87 0.71 0.67 5-10 47.03 47.14 48.67 47.92 7.82 7.45 

10-15 1.78 1.35 "1.89 1.93 0.53 0.51 10-15 47.38 47.93 47.29 47.27 6.20 6.14 

15-20 1.42 1.43 1.82 1.90 0.42 0.38 15-20 49.23 50.74 48.39 48.15 5.08 4.56 

20-29 1.17 1.41 1.83 1.85 0.25 0.27 20-29 49.91 50.92 48.92 48.06 3.33 3.21 

s.e.d. = 0.08 s.e.d. = 0.68 

Soil pH C/N ratio 

Treatment Treatment 
Depth VP- Vp+ Op- OP+ BW- BW+ Depth VP- Vp+ Op- OP+ BW- BW+ 
(cm) (cm) 

0-5 5.46 5.29 5.58 5.57 5.78 5.95 0-5 22.34 23.34 24.63 25.44 11.26 10.76 

5-10 5.45 5.36 5.41 5.50 5.73 5.96 5-10 25.20 24.81 25.96 25.59 11.08 11.06 

10-15 5.37 5.11 5.16 5.30 5.64 5.86 10-15 26.71 36.23 25.05 24.52 11.66 12.10 

15-20 5.03 4.86 5.02 5.17 5.52 5.64 15-20 34.89 35.72 26.53 25.32 12.07 12.09 

20-29 4.79 4.67 4.79 5.04 5.54 5.57 20-29 43.32 36.12 26.69 26.01 13.38 11.94 

s.e.d. = 0.10 s.e.d. = 1.72 



Appendix 38 Mean concentratio~ of Inorganic-N in soil at each depth (jlg N gram-1 dry soil) 
l>epth vp- Vp+ Op- OP+ BW- BW+ 
(cm) NH4+ NOa- Total NH4+ NOa- Total NH4+ NOa- Total NH4+ NOa- Total NH4+ NOa- Total NH4+ NOa- Total 

0-5 4.7 0 4.7 15.9 0 15.9 2.3 1.7 4.0 18.4 2.3 20.7 0 0 0 5.4 0.5 5.9 

5-10 9.8 0 9.8 65.3 0 65.3 9.9 2.7 12.6 28.6 2.8 31.3 0 0 0 4.6 1.7 6.3 

10-15 26.1 0 26.1 4~6.0 0 46.0 25.9 5.8 31.7 20.8 5.9 26.8 0 0 0 5.2 0.4 5.6 

15-20 21.0 0 21.0 36.1 0 36.1 22.9 1.7 24.6 23.1 3.1 26.2 0 0 0 8.3 2.9 11.2 

20-29 25.1 0 25.1 35.9 0 35.9 27.9 4.3 32.2 33.3 4.5 37.8 0 0 0 18.9 3.3 22.2 

NH4+ s.e.d. = 14.1 N03- s.e.d. = 0.68 Total s.e.d. = 9.2 

Appendix 3.9 Mean recovery of inorganic-N as a % of 15N applied at each 

d th· h·1 d epl In t e sal cores at estructlon 
Depth vp- Vp+ Op- OP+ BW- BW+ 
(cm) 

0-5 0.18 0.69 0.10 0.66 0 0 

5-10 0.37 3.25 0.48 0.93 0 0.03 

10-15 1.03 2.16 1.47 0.74 0 0.02 

15-20 0.83 1.54 0.88 0.60 0 0.22 

20-29 0.15 1.33 0.82 0.83 0 0.49 

s.e.d. = 0.65 
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Appendix 3.10: Data from Chapter 7: Field experiment; Mean recovery of organic-N 

as a 00 a applle at eac ept In t e sal cores at X f 15N r d h d h· h ·1 d estruction 
Depth VP- Vp+ Op- OP+ BW- BW+ 
(em) 

0-5 3.88 5.81 9.71 8.19 13.00 14.56 

5-10 2.06 3.93 3.84 3.43 3.45 5.67 

10-15 2.30 3.04 1.36 2.03 1.54 3.03 

15-20 1.20 0.82 0.75 1.33 1.32 2.11 

20-29 2.51 0.86 0.84 1.25 1.58 2.89 

s.e.d = 1.03 

Appendix 3.11: Data from Chapter 7: Field experiment; Mean recovery of total-N 

(ina rganic + organic) as a % of 15 N applied at each depth in the soil cores at destruction 
Depth VP- Vp+ Op- OP+ BW- BW+ 
(em) 

0-5 4.07 6.50 9.81 8.50 13.00 12.63 

5-10 2.43 7.18 4.32 4.36 3.45 5.69 

10-15 3,:?3 5.20 2.83 2.77 1.55 3.05 
, I / 

15-20 2.03 2.14 1.62 1.93 1.32 2.34 

20-29 3.07 2.12 2.12 2.92 2.85 5.60 

s.e.d = 1.21 



Appendix 3.12 

Day VP-

mean s.e.m. 

2 3 3 

4 0 0 

11 0 0 

13 0 0 

15 0 0 

17 0 0 

19 0 0 

30 1 1 

31 2 1 

34 3 2 

37 5 1 

42 5 2 

49 6 1 

50 3 3 

54 6 1 

57 5 1 

62 4 2 

68 6 1 

69 5 2 

71 5 1 

73 4 2 

74 6 1 

76 6 1 

81 5 1 

87 7 1 

94 3 2 

100 4 2 

108 '5 1 

115 6 2 

127 6 2 

147 6 2 

Mean NH4+-N concentration (Ilg mL-1) in leachate 

vs time and standard error of the means 

Vp+ Op- OP+ BW-

mean s.e.m. mean s.e.m. mean s.e.m. mean s.e.m. 

0 0 1 1 0 0 34 34 

0 0 1 1 0 0 32 29 

0 0 1 1 0 0 29 25 

0 0 0 0 0 0 23 20 

0 0 0 0 0 0 20 20 

1 0 0 0 0 0 20 15 

2 1 0 0 0 0 20 11 

5 2 11 6 6 6 59 19 

7 2 0 0 1 0 20 9 

7 2 1 0 1 1 19 9 

8 2 1 0 1 1 19 8 

7 1 0 0 0 0 17 8 

6 2 0 0 1 0 15 7 

8 2 0 0 0 0 6 5 

6 2 0 0 0 0 8 4 

4 2 0 0 0 0 4 4 

5 1 0 0 0 0 3 2 

6 2 0 0 1 0 2 2 

4 1 0 0 1 1 2 1 

5 1 1 0 1 0 1 1 

3 2 0 0 1 1 1 1 

5 2 1 0 1 0 1 1 

6 1 1 0 1 1 1 1 

6 1 0 0 1 0 0 0 

6 0 1 0 1 0 0 0 

6 1 1 0 1 0 3 3 

6 ,1> /0 0 1 . 2 -0 0 

6 0 1 1 2 0 0 0 

7 0 1 0 3 1 2 2 

8 0 1 1 3 1 0 0 

5 1 2 0 2 1 0 0 

175 

BW+ 

mean s.e.m. 

0 0 

1 1 

3 3 

3 3 

5 3 

7 5 

9 6 

6 4 

11 3 

9 4 

10 1 

8 0 

9 1 

10 2 

8 2 

8 2 

7 0 

7 2 

6 1 

7 1 

6 1 

2 2 

6 2 

6 2 

6 1 

2 2 

6 2 

5 2 

4 2 

3 2 

1 1 



Appendix 3.13 

Day VP-

mean s.e.m. 

2 0 

4 0 

11 0 

13 0 

15 0 

17 0 

19 0 

30 0 

31 0 

34 0 

37 0 

42 0 

49 0 

50 0 

54 0 

57 0 

62 0 

68 0 

69 0 

71 0 

73 0 

74 0 

76 0 

81 0 

87 0 

94 0 

100 0 

108 '0 

115 0 

127 0 

147 0 

Mean N03--N concentration (119 mL-1) in leachates vs time 

and standard error of the means. 

Vp+ Op- OP+ BW-

mean s.e.m. mean s.e.m. mean s.e.m. mean s.e.m. 

0 0 0 12 6 

0 0 0 6 6 

0 0 0 4 4 

0 0 0 25 20 

0 0 0 6 2 

0 0 0 25 3 

0 0 0 56 6 

0 0 0 94 25 

0 0 0 103 18 

0 0 0 126 11 

0 0 0 146 16 

0 0 0 120 12 

0 0 0 122 18 

0 0 0 77 17 

0 0 0 61 27 

0 0 0 67 23 

0 0 0 38 16 

0 0 0 24 12 

0 0 0 19 12 

0 0 0 13 10 

0 0 0 8 7 

0 0 0 4 3 

0 0 0 2 2 

0 0 0 0 0 

0 0 0 1 1 

0 0 0 0 0 

0 ' ,/ () 0 0 0 ' I 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

176 

BW+ 

mean s.e.m. 

47 30 

38 35 

31 31 

2 2 

18 18 

15 15 

15 14 

17 14 

22 14 

18 16 

19 16 

17 14 

16 14 

11 10 

9 9 

6 6 

9 0 

2 2 

1 1 

1 1 

0 0 

0 0 

0 0 

0 0 

1 1 

1 1 

0 0 

0 0 

0 0 

0 0 

0 0 



Appendix 3.14 

Day VP-

mean s.e.m. 

2 9 1 

4 15 3 

11 24 5 

13 37 8 

15 41 10 

17 54 12 

19 74 16 

30 84 21 

31 90 22 

34 109 32 

37 121 37 

42 135 37 

49 152 38 

50 155 39 

54 176 37 

57 200 45 

62 207 48 

68 226 44 

69 230 45 

71 250 46 

73 257 40 

74 277 41 

76 303 40 

81 319 39 

87 334 46 

94 346 43 

100 352 44 

108 368 42 

115 380 45 

127 396 44 

147 413 40 

Mean cumulative drainage (mm) vs time and 

standard error of the means 

Vp+ Op- OP+ 

mean s.e.m. mean s.e.m. mean s.e.m. 

4 0 9 4 5 0 

12 2 19 2 11 1 

20 4 27 3 15 4 

33 6 41 5 20 9 

41 7 50 6 23 12 

60 7 68 7 37 16 

82 8 87 8 53 20 

96 8 101 8 65 22 

114 8 119 7 82 24 

139 9 140 8 106 26 

168 9 167 10 133 28 

181 7 180 12 147 28 

195 8 193 10 159 30 

217 3 213 9 188 33 

243 3 234 8 211 35 

258 5 243 7 219 36 

269 5 257 9 228 37 

291 3 278 6 254 37 

298 7 287 11 274 38 

307 12 311 9 290 40 

324 13 325 7 316 40 

338 17 344 5 333 40 

363 17 364 13 361 41 

384 14 378 15 375 43 

403 14 402 14 400 45 

422 13 418 16 412 46 

442 ~.,3-. 432 19 426 48 

463 12 442 13 439 55 

480 12 467 12 459 58 

508 10 493 24 481 57 

527 13 519 24 507 57 

177 

BW- BW+ 

mean s.e.m. mean s.e.m. 

8 1 5 3 

17 0 14 3 

26 0 23 4 

40 1 36 3 

48 2 45 3 

68 2 64 3 

89 3 84 2 

104 5 94 1 

123 3 113 0 

147 4 137 1 

175 5 165 1 

190 5 180 0 

203 3 190 1 

234 29 222 8 

253 28 235 3 

259 28 240 1 

269 28 243 1 

299 32 263 15 

323 31 283 10 

332 36 297 8 

365 29 317 12 

384 34 330 2 

411 34 360 8 

427 33 379 0 

454 30 393 5 

467 29 406 0 

482 28 417 0 

503 27 429 0 

530 25 443 0 

553 22 468 1 

579 22 485 7 



-Appendix 3.15 Recovery of 15N applied in various fractions and the presumed gaseous loss for each replicate of the six treatments. 
T I· d 71 reatments are explalne on pa~ e 

Fraction BW- op- yp- BW+ op+ yp+ 

rep 1 rep 2 rep 3 rep 1 rep 2 rep 3 rep 1 rep 2 rep 3 rep 1 rep 2 rep 3 rep 1 rep 2 rep 3 rep 1 rep 2 rep 3 
Plant 
Cut 1 5.34 3.25 2.95 3.85 3.02 3.01 6.96 5.19 7.11 7.41 8.73 7.37 4.67 1.57 5.61 3.03 3.44 4.10 
Cut 2 clover 0.32 0.33 0.52 0.00 0.21 0.16 0.21 0.16 0.02 0.59 1.50 0.14 0.23 0.00 0.30 0.37 0.21 0.02 
Cut 2 grass 1.36 1.61 1.52 4.17 5.23 2.78 8.18 7.18 8.33 4.76 8.45 8.82 4.93 1.49 3.72 2.90 2.67 1.72 
Cut 3 clover 0.74 0.80 0.66 0.54 0.15 0.06 0.72 0.33 0.09 2.04 0.71 0.23 1.06 1.13 2.23 2.41 2.21 0.09 
Cut 3 grass 1.75 1.50 1.62 13.35 18.21 15.52 18.28 16.43 18.73 8.60 10.17 8.25 10.77 10.69 11.97 11.17 5.80 15.51 
Roots 4.18 2.61 1.61 3.91 0.00 3.69 3.08 3.86 1.35 7.65 6.49 6.14 5.42 3.05 5.36 1.53 0.00 0.54 
Sub total 13.69 10.14 8.88 25.82 26.82 25.22 37.43 33.15 35.5 31.05 36.05 30.95 27.08 17.93 29.19 21.41 19.89 23.35 

Soil 
Inorganic 0.01 0.01 0.01 1.68 4.14 3.73 1.86 5.29 0.38 0.08 1.36 0.10 1.23 7.43 1.05 5.21 13.72 5.76 
Organic 27.87 15.19 19.62 17.12 15.05 16.11 11.02 9.98 9.67 15.12 31.52 23.22 14.40 18.22 7.92 16.01 12.12 14.00 
Sub total 27.88 15.20 19.63 20.25 19.18 19.84 12.88 16.42 11.38 24.24 32.88 23.33 15.63 25.64 16.31 21.22 25.62 19.76 

Leachate 
Urea 0.00 0.00 15.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Inorganic-N 39.79 56.24 43.38 0.55 0.07 0.36 1.15 3.17 2.23 6.51 0.59 11.13 0.51 0.65 0.06 3.73 5.75 ·2.79 
OrQanic-N* 0.00 0.00 0.00 3.12 2.72 2.39 1.37 3.62 4.52 0.00 0.00 0.00 3.12 2.72 2.39 4.73 4.11 5.32 
Sub total 39.79 56.24 59.22 3.67 2.79 2.75 2.52 6.79 6.75 6.51 0.59 11.13 3.63 3.37 2.45 8.46 9.86 8.11 

Total 
Recovered 81.36 81.58 87.73 49.74 48.79 47.81 52.83 56.36 53.63 61.80 69.52 65.41 46.34 46.94 47.95 51.09 55.37 51.22 

Presumed 
Gaseous 18.64 18.42 12.27 50.26 51.21 52.19 47.17 43.64 46.37 38.20 30.48 34.59 53.66 53.06 52.05 48.91 44.63 48.78 
loss 

* All organic-N measured was assumed to be derived from the 15N applied 



Appendix 4.0 Data from Chapter 8: Second denitrification experiment 
Appendix 41 Fluxes of N20-N (grams N ha-1 day-1) -

.Day 15N-labelled urine treated cores Control cores 

BW OP yp BW OP yp 
rep 1 rep 2 rep 3 rep 4 rep 1 rep 2 rep 3 rep 4 rep 1 rep 2 rep 3 rep 4 rep 1 rep 2 rep 3 rep 1 rep 2 rep 3 rep 1 rep 2 rep 3 

2 66 236 222 224 22 40 9 39 1 1 1 2 7 1 5 1 2 2 * 1 2 
3 85 567 598 230 33 67 9 74 4 6 5 6 2 7 5 1 1 1 1 1 1 
4 104 295 203 278 29 122 6 59 4 7 7 9 2 16 14 5 1 2 1 1 0 
5 121 292 176 310 32 96 9 85 4 6 7 12 2 13 22 1 3 2 0 1 0 
6 94 250 126 188 32 86 7 101 1 1 4 11 4 11 16 2 2 1 2 0 1 
7 90 185 132 238: 29 74 7 95 2 2 6 11 1 3 9 16 2 1 2 1 1 
8 * 199 151 203 53 99 15 178 2 2 6 21 1 3 10 19 3 1 2 1 1 
9 82 10 128 190 74 95 17 211 2 3 9 27 7 12 * 1 1 1 0 1 1 

10 102 173 119 211"- 154 147 74 245 3 3 8 34 4 10 13 2 1 2 1 1 1 
11 964 1538 1580 1738 381 1178 90 2028 7 6 20 83 6 17 31 4 3 3 1 1 1 
12 287 389 262 406 211 253 56 1487 6 9 18 69 5 18 29 6 3 4 0 1 1 
13 223 333 239 321 210 222 33 1360 7 10 20 69 6 22 44 4 3 4 1 1 1 
14 1108 1600 1740 1805 445 1389 86 1830 13 17 36 181 10 19 43 15 10 12 1 2 1 
15 208 295 256 1064 326 261 63 1491 7 12 27 87 3 18 35 6 4 6 1 2 1 
16 130 273 285 293 205 156 35 1278 6 9 22 77 4 11 27 3 3 3 0 1 1 
17 158 312 228 235 1358 206 48 1474 8 13 25 131 3 8 23 3 4 2 1 0 1 
18 632 1076 209 291 190 979 14 1580 8 14 24 136 7 11 24 7 * 3 1 1 1 
19 169 241 227 269 234 264 17 1358 6 13 25 115 7 * 18 3 4 3 1 1 1 
20 179 228 208 224 247 284 24 1286 4 13 33 115 2 2 10 1 0 1 0 0 0 
21 180 199 210 236 312 920 30 1318 6 12 33 118 0 1 5 0 0 1 0 0 0 
22 * * * * * * * * * 9 31 100 * * * * * * 0 0 0 
23 986 1366 1657 1500 1484 1492 258 1911 14 41 177 1155 15 9 8 8 8 7 0 1 0 
24 383 457 140 723 642 668 37 850 6 14 56 104 2 2 2 1 2 2 0 0 0 
25 121 140 92 110 233 1081 53 1356 9 18 68 108 4 3 2 1 2 1 1 1 * 
26 * * * * * * * * * * * * * * * * * * * * * 
27 212 72 61 91 465 519 51 720 5 13 67 89 2 1 1 0 0 0 0 1 0 
28 385 109 120 118 1023 587 1090 980 6 80 87 530 6 3 5 1 1 1 0 0 0 
29 289 146 135 98 838 551 771 942 6 40 88 529 4 3 9 1 1 1 1 0 0 
30 403 531 633 164 982 736 873 1118 6 46 132 548 2 3 11 1 2 1 0 1 1 



Appendix 4.1 Fluxes of t:J20-N (grams N ha-1) ............... Continued 

Day 15N-labelled urine treated cores 
BW OP 

rep 1 rep 2 rep 3 rep 4 rep 1 rep 2 rep 3 rep 4 rep 1 
31 358 119 137 136 767 681 614 962 8 
32 137 182 179 143 1298 275 218 1544 11 
33 174 182 158 153 1182 300 195 1658 10 
34 409 147 137 92 739 586 749 927 13 
35 372 142 151 90 802 651 537 938 11 
36 112 90 139 126 869 709 217 954 9 
37 430 547 631 495., 895 672 1013 961 13 
38 393 145 162 139 879 723 699 910 9 
39 101 123 178 116 1157 957 197 1237 12 
40 * * * * * * * * * 
41 631 995 157 15 1051 785 871 997 151 
42 412 434 153 117 890 723 164 893 24 
43 443 167 215 152 1071 799 996 956 50 
44 483 439 747 183 1002 703 849 888 59 
45 451 488 613 116 916 765 636 939 51 
46 * * * * * * * * * 
47 * * * * * * * * * 
48 420 133 573 152 959 831 839 1050 135 
49 458 86 98 76 1047 818 875 1058 159 
50 401 80 111 50' 855 644 945 748 736 
51 412 61 100 36 853 657 748 983 774 
52 * * * * * * * * * 
53 903 85 188 101 1868 1468 1332 1816 351 
54 169 64 106 32 1623 299 225 342 256 
55 * * * * * * * * * 
56 753 79 976 70 1601 1180 1441 1530 1332 
57 506 57 158 53 1028 748 915 1033 1066 
58 * * * * * * * * * 
59 757 53 160 70 1807 1510 1715 1857 1579 

yp BW 
rep 2 rep 3 rep 4 rep 1 rep 2 rep 3 

39 88 558 1 2 5 
62 160 281 5 7 15 
51 153 269 2 6 12 
59 143 548 5 4 14 
60 143 633 5 2 8 
70 152 630 14 2 10 

198 720 3 9 9 
118 143 677 3 3 8 
96 300 903 4 2 13 

* * * * * * 
568 478 482 3 2 5 
202 1167 735 4 4 6 

1246 448 916 2 4 
1164 1400 825 7 4 11 

949 1287 759 6 3 14 
* * * * * * 
* * * * * * 

1159 1391 719 3 2 2 
1428 1596 884 6 1 2 
1345 1386 734 7 4 5 
1374 1533 756 6 3 7 

* * * 6 3 15 
2126 2474 1266 7 4 12 

292 2500 1145 6 3 12 
* * * 2 2 6 

2098 2273 1031 2 2 6 
1564 1620 857 5 4 10 

* * * * * * 
2268 2291 1242 8 4 7 

Control cores 

OP 
rep 1 rep 2 rep 3 rep 1 

1 1 1 0 
8 0 1 0 
1 4 13 1 
1 2 1 0 
1 3 2 1 
1 3 1 1 

12 6 1 11 
2 2 5 1 
9 3 2 1 
* * * * 
3 3 3 2 
5 2 2 0 
3 2 2 0 
5 3 3 1 
4 4 3 1 
* * * * 
* * * * 
2 3 1 1 
1 2 2 0 
3 2 3 1 
4 2 3 1 
4 5 2 1 
5 5 3 1 
4 4 3 2 
2 3 2 1 
2 3 2 1 
4 10 2 1 
* * * * 
3 5 3 1 

yp 
rep 2 

1 
2 
2 
0 
0 
1 
0 
1 
1 
* 
1 
1 
1 
1 
1 
* 
* 
1 
1 
1 
1 
1 
2 
1 
1 
1 
1 
* 
1 

rep 3 
2 
2 
0 
1 
2 
2 
1 
* 
7 
* 
* 
2 
0 
0 
1 
* 
* 
1 
1 
1 
1 
1 
1 
2 
1 
1 

11 
* 
1 

...... 
CO 
o 



Appendix 4.2 Fluxes of 15N-labelled dinitrogen (grams N ha-1 day-1) from 15N-labelled 
urine treated cores. 

BW OP yp 
Day rep 1 rep 2 rep 3 rep4 rep 1 rep 2 rep 3 rep 4 rep 1 rep 2 rep 3 

2 224 672 653 964 73 121 0 181 0 0 0 
3 405 830 1065 1026 126 215 0 394 5 90 174 
4 596 1006 761 1207 291 329 196 492 0 112 65 
5 799 1490 923 1323 392 411 198 511 0 183 141 
6 635 1194 864 930 351 847 0 666 0 0 122 
7 4;36 884 1097 1168 230 445 63 446 0 744 31 
8 411 708 970 827 340 534 176 713 0 0 1649 

! 

* 1035 799 558 490 265 834 9 ~97 60 0 45 
10 382 533 881 835 702 453 452 858 13 0 93 
11 1157 1613 1774 2094 1523 1374 603 2651 0 25 234 
12 737 881 1175 1076 1071 716 510 1524 0 0 179 
13 725 760 1164 1043 1301 723 557 1200 0 0 108 
14 1345 1858 2069 2240 * 2409 908 2814 0 310 129 
15 372 628 858 1060 660 1115 810 1220 0 666 155 
16 312 451 831 612 883 742 471 1109 29 0 120 
17 359 745 674 630 2117 581 1900 1343 0 0 104 
18 426 909 935 728 2367 925 1342 2469 0 0 256 
19 449 * 957 652 1535 808 1265 1673 0 25 129 
20 742 516 575 589 1232 1011 1556 1249 0 93 148 
21 418 403 498 659 1530 1218 961 1058 0 45 135 
22 * * * * * * * * 0 49 138 
23 1295 1701 1901 1782 3345 3149 1847 3733 31 171 885 
24 242 272 252 666 1345 811 436 997 0 66 267 
25 202 242 514 260 1130 793 764 1220 0 102 277 
26 * * * * * * * * * * * 
27 109 154 99 191 573 395 466 690 0 74 149 
28 233 272 229 202 1260 397 1568 957 28 179 294 
29 127 249 272 153 1100 321 876 925 39 100 223 
30 257 382 466 287 1590 812 1887 1395 0 187 479 
31 497 598 603 730 2627 1253 3136 2255 83 126 502 
32 245 424 485 382 1678 478 1397 895 21 * 443 
33 1139 324 274 350 1313 656 2351 1204 32 171 * 
34 299 318 323 242 1182 348 1629 800 29 206 337 
35 215 251 364 169 1052 476 1599 780 47 148 * 
36 142 189 281 264 1726 634 2209 910 144 237 269 
37 274 508 530 467 1402 511 1835 1206 74 293 568 
38 197 246 243 352 1174 441 1622 734 17 175 201 
39 296 310 600 287 1633 673 3763 891 0 186 412 
40 * * * * * * * * * * * 
41 351 * 378 524 2445 1243 2726 1844 54 369 580 
42 294 535 349 359 1293 592 628 1150 133 402 773 
43 253 539 481 434 1989 611 2929 1203 232 742 845 
44 377 681 906 666 2618 962 4207 1755 336 948 1284 
45 384 536 544 463 1851 853 2854 1444 288 643 906 
46 * * * .' * * * * * * * * , I " 47 * * * * * * * * * * * 
48 1262 433 481 694 1932 1322 4755 1603 311 744 1275 
49 196 256 266 264 994 538 1775 675 * 1479 * 
50 165 428 380 315 1239 2272 925 455 1055 995 
51 204 306 414 243 1318 565 2781 1404 652 705 1054 
52 417 401 674 711 1822 816 6099 1654 879 1078 1380 
53 456 675 481 659 2725 1358 7790 1731 740 765 519 
54 230 250 385 296 1440 735 1652 788 397 361 1093 
55 * * * * * * * * * * * 
56 291 297 496 409 2216 452 4534 1315 896 1002 1021 
57 392 419 582 408 2030 808 1350 1618 1184 1012 1124 
58 * * * * * * * * * * * 
59 399 326 488 415 2587 1635 6959 1897 1407 1179 1032 

* Values to low to be detected or not sampled. 

181 

rep 4 
0 

195 
0 

63 
51 

0 
95 
67 
93 

227 
193 
228 
444 
270 
242 
246 
361 
251 
162 
233 
167 

1029 
226 
221 

* 
94 

308 
266 
335 

* 
430 
401 
285 
328 
329 
504 
350 
540 

* 
434 

* 
825 

1003 
770 

* 
* 

846 
281 
562 
522 

1555 
747 
610 

* 
463 
709 

* 
657 



Appendix 43 Fluxes (kg N ha-1 day-1) of 15N-labelled-N and N20-N from the YP soil treated with 50 atm % NaN03 or NaN02 

15N-labelled ~as N20 gas flux 

NaN02 treated NaN03 treated NaN02 treated NaN03 treated 
Day rep 1 rep 2 rep 3 rep 4 rep 1 rep 2 rep 3 rep 4 rep 1 rep 2 rep 3 rep 4 rep 1 rep 2 rep 3 rep 4 

0.1 122.897 90.786 73.211 53.679 0.299 0.094 0.062 * 1.296 1.311 1.352 1.306 0.113 0.039 0.038 0.023 
0.2 53.177 56.211 37.327 23.841 0.274 * 0.155 0.162 1.354 1.394 1.455 1.403 0.118 0.043 0.071 0.054 
2.0 3.441 3.831 3.502 3.035 0.067 0.131 0.143 0.014 0.876 0.994 1.043 1.004 0.038 0.011 0.059 0.011 
3.0 0.990 1.068 1.14,1 1.047 * * 0.088 0.058 0.681 0.755 0.883 0.830 0.021 0.018 0.041 0.009 
4.0 0.664 1.432 0.956 0.718 0.062 0.257 0.178 * 0.608 0.861 0.872 0.718 0.039 0.039 0.057 0.014 
5.0 * 0.739 0.976 1.813 0.215 0.131 0.326 0.149 0.148 0.674 0.628 0.152 0.026 0.038 0.055 0.09 
8.0 0.315 0.214 0.377 0.201 0.133 0.100 0.176 0.026 0.086 0.063 0.044 0.038 0.014 0.021 0.080 0.004 
9.0 0.332 0.716 0.160 0.064 0.103 0.187 0.365 * 0.108 0.732 0.113 0.016 0.046 0.061 0.081 0.016 

10.0 0.040 0.163 * * 0.093 0.203 0.294 * 0.029 0.116 0.046 0.007 0.024 0.043 0.062 0.008 
11.0 0.636 0.359 * 0.321 0.246 0.066 0.316 0.217 0.020 0.036 0.036 0.003 0.020 0.036 0.055 0.007 
12.0 0.282 0.500 0.022 0.119 0.154 0.164 0.212 0.047 0.030 0.317 0.014 0.003 0.028 0.037 0.053 0.011 
14.0 0.142 0.233 0.109 0.586 0.650 0.251 0.375 0.122 0.012 0.036 0.040 0.003 0.037 0.034 0.059 0.008 
16.0 0.091 0.072 0.145 0.133 0.240 0.115 0.576 0.135 0.012 0.015 0.011 0.003 0.050 0.079 0.128 0.116 
17.0 0.100 0.230 0.031 0.040 0.057 0.135 0.220 0.017 0.016 0.032 0.011 0.002 0.041 0.045 0.052 0.019 
19.0 0.027 * 0.089 0.095 0.037 0.039 0.184 0.087 * * * * * * * * 
22.0 * * * * 0.025 0.069 0.155 0.011 0.009 0.010 0.002 0.001 0.026 0.035 0.061 0.013 

* Values too low to be detected or not sampled. 
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