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Abstract 

The major land use in New Zealand is pastoral farming of sheep and cattle. In 

intensively grazed dairy-pasture systems, animals graze on nitrogen (N)-rich legume­

based pastures, but do not efficiently utilize the N they ingest. On average only 10.5% 

of the N in forage-based animal feed is  converted into milk and the remainder is  

excreted in dung and urine. In the pastures, a cow urine patch can typically contain up 

to 1000 kg N ha-I . N itrogen input, either in the form of cow urine or fertilizer, often 

exceeds immediate plant requirements and hence is susceptible to losses as ammonia 

(NH3) volatilisation and nitrous oxide (N20) emissions and removal in drainage water 

through nitrate (N03") leaching. This loss ofN from grazed pastures causes detrimental 

environmental impacts in the form of acidification and eutrophication of the soil and 

water bodies, global warming, destruction of stratospheric ozone, and N03- toxicity. 

Various approaches have been attempted to mitigate the economic and 

environmental impacts of N losses. One such approach is the use of Urease (Uls) and 

Nitrification (NIs) inhibitors. There have been extensive studies on the value of UIs in 

arable farming and NIs in grazed pastures. However, only limited work on the impact 

of UI and N I  alone and in combination in influencing the N dynamics, and thus 

mitigating N gaseous losses from pastures, has been conducted. 

This thesis examines the impact of UI (Agrotain; N -(n-butyl) thiophosphoric 

triamide) and NI (Dicyandiamide, commonly known as DCD), when applied alone or in 

combination to cow urine and urea fertiliser, on N losses through NH3 and N20 

emissions and N03 - leaching, and on herbage production under glasshouse conditions 

and a field-plot study. The degradation rate of DCD, and its effect on nitrification and 

on N20 emissions from four soils varying in their physical and chemical properties was 

also examined under laboratory incubations. The results from the field-plot study were 

then used to predict the effect of DCD on N20 emissions reductions from urine by 

adapting the process-based NZ-DNDC model. 

Both NH3 and N20 emissions have common sources in agriculture. Therefore, 

chambers were adapted to measure their emissions simultaneously using active and 

passive gas sampling. Active sampling involved continuous air flow and the use of acid 
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(0.05 M H2S04 and 2% H3B03) traps for NH3 measurements and passive sampling 

involved collecting three gas samples over a one-hour period from a static chamber used 

for N20 emissions. 

The first glasshouse experiment used VI with urine or urea to assess its effect on 

NH3 and N20 emissions, changes in soil mineral-N and N uptake by pasture plants. The 

VI treatments also involved two commercial products, Sustain Yellow (urea coated with 

Agrotain and elemental S) and Sustain Green (urea coated with Agrotain) . The use of 

VI effectively decreased total NH3 emissions, as  well as  delaying the time of maximum 

NH3 emissions from both urea (600 kg N ha-I ) and urine (476 kg N ha-I) by 27% and 

22%, respectively. The VI-induced decrease in NH3 volatilization ranged from 42-48% 

when urea was applied @ 1 00 kg N ha-I . Vrease inhibitor was also effective in  

decreasing N20 emissions significantly from urine and urea applied @ 1 00 kg N ha-I . 

The addition of VI  increased dry matter yield by 1 3- 1 9% as compared to the urea-alone 

treatment. 

In the second glasshouse study, NI (DCD) was added @ 25 kg ha-I to urea (@ 

25, 50 and 75 kg N ha-I ) and urine (@ 144, 290 and 570 kg N ha- I ) applied at different 

rates. Addition of DCD reduced N20 emissions from both urea and urine and N03-

leaching from urine. Dicyandiamide reduced N20 emissions by 34-93% from the added 

urea and 33-80% from the added urine. However, its use increased the amount of  

ammonium (NH/) present in  the soil by  3 to 1 3% both in  the urea and urine treatments, 

and this NH/ was susceptible to leaching and volatilisation losses. The addition o f  

DCD, however, resulted in a 60-65% reduction i n  N03- leaching from urine applied to 

pasture soil cores. It also caused a significant reduction in N03--induced cation 

leaching. Leaching of K+, Mg+2 and Ca+2 ions was reduced by 36-42%, 33-50% and 

72%, respectively, with DCD applied to cattle urine (290 and 570 kg N ha-I ) .  

The combined use of VI and NI was more effective in controlling N gaseous 

losses than using them individually. The combination of VI and NI retarded NH3 

emissions by 70% in the urea treatment and by 4% in the urine treatment (field-plot 

study). It also considerably reduced N20 emissions (50-5 1 %) following the application 

of urea and urine (field-plot study) to pasture soil. With the combined inhibitors, there 

was a 1 4  and 3 8% increase in herbage yield from added urea and urine (field-plot 

study), respectively. 



iii 

A laboratory incubation experiment was undertaken to study the effect of soil 

types and the rate of DCD application on the degradation kinetics of DCD. The rate of 

degradation of DCD varied among the four soils studied. The degradation was slowest 

(half-life period of 6 to 1 1  days) in an allophanic soil with a high concentration of 

organic matter. The effectiveness of DCD in inhibiting nitrification also varied 

depending on the nature and amount of soil organic matter and c lay content. The 

maXImum inhibition was observed in a soil with low organic matter and high clay 

content. 

Finally, 'NZ-DNDC', a process-based model, was adapted and used to simulate 

the effect of DCD on emissions reduction using DCD inhibition values that vary 

according to different soil types. This model effectively simulated the effect of DCD on 

N20 emissions reductions in Tokomaru silt loam following urine application. However, 

more field data are required from a range of pasture soils with contrasting amount of 

soil organic matter and clay content under differing climatic conditions to further test 

this model modification to predict emission-reductions with DCD application in 

different soil types 
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Chapter 1 

1 . 1  The issue 

Chapter 1 

Introduction 

The major land use in New Zealand is pastoral farming of sheep and cattle. These 

managed pastures are highly productive, with increased pasture production being the major 

goal for the pastoral farmers in order to achieve the highest per hectare animal productivity. 

The fertility of pasture soils can be substantially altered by grazing animals mainly through 

the deposition of dung and urine and their subsequent transformation and transport in soil 

(Saggar et al. 1 990b; Haynes & Williams 1 993). It is estimated that New Zealand 

agricultural soils annually receive about 3 million tonnes of N, with 1 .58  million tonnes 

recycled from animal excreta, 0.9-1 . 1 million tonnes from biological N fixation (BNF), 

0.33 million tonnes from fertilisers, and about 0.0 1-0. 0 1 5  million tonnes from atmospheric 

deposition (Saggar 2004). In intensively grazed pasture systems (e.g., dairy cattle and 

sheep pastures), animals graze on N-rich legume-based pastures, but do not efficiently 

utilize the N they ingest. On average, only 1 0.5 % of the N in forage-based animal feed is 

converted into milk, meat or wool and the remainder is excreted in dung and urine. In 

grazed pastures, animal urine patches can typically add 500 kg N ha- I for sheep and 1 000 

kg N ha-I for cattle (Haynes & Williams 1 993 ; Silva et at. 1 999; Di & Cameron 2002a). 

Recently, fertiliser N inputs to grazed pastures have also increased sharply, and this 

increase is expected to continue in the foreseeable future. Nitrogen fertiliser use in 2003-

04 has increased six times over that in 1 990 (MfE, 2005). The in-situ N either from cattle 

urine or fertiliser is far in excess of immediate plant requirements and hence is susceptible 

to losses through ammonia (NH3) volatilisation, nitrous oxide (N20) emission and nitrate 

(N03") leaching, causing a significant cost to society and the environment. 

Nitrogen is extremely dynamic in grazed pastoral soils, undergoing continuous 

microbial transformations, leading to gaseous and leaching losses. Nitrogen is an 

important plant nutrient and its loss can affect both the quality and quantity of feed, 
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thereby leading to poor animal production. In New Zealand, increased interest in the loss 

of N through gaseous emissions and leaching from grazed pastures has occurred during 

the last decade mainly because of  the environmental impacts of these losses. Moreover, 

as a signatory to the United Nations Framework Convention on Climate Change 

(UNFCC), New Zealand is required to maintain and report on its inventory of 

greenhouse gas emissions, and as New Zealand has also recently ratified the Kyoto 

Protocol, the pressure to reduce these losses is even greater. 

In New Zealand, grazed pastures are identified as an important source ofNH3 and 

N20 emissions. Ammonia emission contributes to the formation of ammonium nitrate 

and ammonium sulphate particulates and leads to various adverse human health effects 

(McCubbin et al. 2002). In addition, the deposition of atmospheric NH3 may contribute 

to undesirable changes in our environment such as acidification of poorly buffered soils, 

eutrophication in lakes and streams (Schulze et al. 1 989) and direct plant toxicity (Van 

derEerden 1 982). Ammonia has a short life time in the atmosphere, but it can also act 

as a secondary source of nitric oxide (NO) and N20 (Mosier et al. 1 998).  N itrous oxide 

is a potent greenhouse gas which contributes to global warming (Bouwman 1 990). It 

accounts for about 2-4 % of the total anticipated Global Warming Potential (Watson et 

at. 1 992) and is also involved in catalytic destruction of stratosphere ozone. 

Both gaseous N emissions and N03 - leaching are considered as a greater issue for 

dairying compared to sheep and beef farms. A number of studies have shown higher NH3 

and N20 emissions (de Klein & Ledgard 2005; Saggar et at. 2005a, b) and N03- leaching 

(Ryden 1 984; Silva et al. 1999; Di  & Cameron 2000; Ledgard 200 1 )  from grazed pastures 

when compared to ungrazed pastures, with N losses also much higher from dairy-grazed 

than sheep-grazed pastures. 

Various approaches have been attempted to mitigate the economiC and 

environmental impacts of N losses. One such approach is the use of urease (UIs) and 

nitrification inhibitors (NIs). Traditionally, the research examining the value of 

inhibitors in mitigating N losses and thereby enhancing the efficiency of N fertilisers 

has been focussed mainly on arable soils (Stelly 1 980; Prasad & Power 1 995; Xu et al. 
2000). Recently, there has been increasing interest in the use of commercially 
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formulated Nls and UIs (e.g., EcoN, N-Care and SustaiN 1) in mitigating environmental 

impacts of N losses through leaching and gaseous emissions from animal excreta, 

fertiliser and effluent application in grazed pastures. Agrotain (NB PT) and 

Dicyandiamide (DCD) are used as UI  and NI, respectively in these commercial 

products. However, there has been only a limited number of studies conducted in New 

Zealand to explore the use of UIs and NIs in mitigating N losses from cattle urine and 

urea in grazed pastures (Di & Cameron 2002b, 2003, 2004c). The study reported in this 

thesis was aimed at understanding the value of UI and NI alone and in combination with 

each other in influencing N dynamics of urine and urea fertiliser, and thus mitigating N 

gaseous losses from grazed pastures. 

Both NH3 and N20 have common sources in agriculture, and to understand the 

processes involved in the production, emission and interaction of these gases 

simultaneous measurements are therefore required. However, methods adopted for 

measuring these gases are quite different from each other. Nitrous oxide fluxes are 

determined from the headspace samples periodically collected from closed chambers, 

whereas NH3 flux measurements require an active flow of air. There is thus no 

technique currently available for measuring both the gases simultaneously. To help 

overcome this problem, the frrst priority of the research project was to design and test a 

novel technique that could be used to measure NH3 and N20 emissions simultaneously. 

1 .2  Research Obj ectives 

This study was conducted with following objectives in mind: 

• To design and test a novel technique to measure NH3 volatilisation and N20 

emissions simultaneously. 

• To quantify the effect of a urease inhibitor (Agrotain) on N transformation, and 

NH3 and N20 emissions from cattle urine and urea in pasture soil. 

I EcoN: Ravensdown Fertiliser Co-operative Ltd.; N-Care: Ballance AgriNutrients Ltd.; SustaiN: 
Summit-Quinphos Ltd. 
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• To investigate the influence of a nitrification inhibitor (DCD) on N 

transformation, NH3 and N20 emissions, and leaching losses of N03- and basic 

cations from cattle urine and urea fertiliser applications in pasture soil. 

• To examine the combined effect of urease (Agrotain) and nitrification (DCD) 

inhibitors on N gaseous losses (NH3 and N20) and N transformation from cattle 

urine and urea fertiliser applied to grazed pastures. 

• To study the influence of soil type on DCD degradation and the effectiveness of 

OCD in inhibiting nitrification, and thus influencing N20 emissions, in different 

soils. 

• To assess the ability of NZ-ON DC (NZ-denitrification decomposition model) to 

simulate the effect ofDCD on N20 emissions from urine application. 

The specific objectives of various laboratory, glasshouse and field experiments are 

outlined in the given chapters. 

1 .3 Thesis Structure 

This thesis is divided into 9 chapters, including this Chapter 1 which gives an 

introduction of the environmental effects of intensification of dairying in New Zealand 

and the need to use mitigation options to inhibit N losses. This Chapter also highlights 

the main objectives of the various laboratory, glasshouse and field experiments covered 

in this thesis. Chapter 2 provides a review of the literature and is mainly divided into 

two sections. Sections 2. 1 to 2.5  review the literature on N input and N gaseous losses. 

This section forms a part of the invited review chapter co-authored by me and published 

in Advances in Agronomy (Bolan et al. 2004). Sections 2.6 to 2 .8  cover urease and 

nitrification inhibitors and their mode of action in the inhibition ofN transformations in 

soil. It also details the effect of inhibitors on N losses. This section has been accepted 

for publication as a chapter in the book 'Chemical Bioavailability in Terrestrial 

Environment' (Ed. R. Naidu). 

Chapter 3 describes the development of a chamber-based methodology for 

simultaneous measurement of N gaseous losses as NH3 and N20. This method was 

used subsequently in all glasshouse and field experiments to examine the effect of 

inhibitors on the loss ofN through gaseous emissions. 
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Chapter 4 covers glasshouse experiments which quantitatively determined the 

effect of VI (Agrotain) on N losses through NH3 and N20 emissions from N sources 

(i .e. , cattle urine and urea) common to grazed pastures. This chapter also gives the effect 

of VI  on pasture yield and N uptake from urea. In this study, commercial urea products 

containing VI (Sustain Yellow and Sustain Green) were used to examine the effect of 

VI  (Agrotain) on N dynamics in pasture soils. Since Sustain Yellow also contains 

sulphur (S) coating, a separate glasshouse experiment was conducted to separate the 

effects of VI and S coating on N dynamics. 

Chapter 5 quantifies the effect of NI (DCD) on NH3 and N20 emissions and also 

on N leaching as NH/ and N03- from cattle urine and urea applications to pasture soil. 

The effect of DCD on cation (K+, Mg+2, Ca+2) leaching was also explored. 

Chapter 6 examines the combined effect of VIs and NIs on N gaseous losses, 

and also on pasture production from urea and cattle urine application under both 

glasshouse and field conditions. 

Chapter 7 describes an incubation study which was carried out to investigate the 

effect of different soil types on DCD degradation and its effectiveness in reducing N20 

emissions from urine. The effect of DCD on microbial biomass and microbial 

respiration as measured by CO2 release is also reported in this chapter. 

In Chapter 8 the NZ-DNDC model was used to estimate the reduction in N20 

emissions with the application of DCD to cattle urine, and the model output was 

compared with the measured data. 

The findings of all these experiments are then summarized in Chapter 9 along 

with the main conclusions drawn from this PhD research, and the direction of future 

research is indicated. 

The articles in scientific journals and conference proceedings that are based on 

the results presented in this thesis are listed below. Except for minor formatting 

changes so to be consistent with thesis presentation requirements, each chapter is 

written as a manuscript ready for publication. Due to the presentation of chapters as 

'stand alone ' manuscripts, some repetition of methodology and discussion of results 

may occur in the different chapters. 
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Chapter 2 

Chapter 2 

Review of Literature 

2.1 Introduction 

9 

Managed grasslands have a high demand for nitrogen (N) for plant growth. 

These grassland soils need a continuous supply of N inputs from various sources to 

meet animal feed demand and sustain productivity. Addition of N to soils not only 

increases plant productivity but also results in increased nitrate (N03 -) leaching and 

release of gaseous N such as ammonia (NH3) and nitrous oxide (N20). Recent sharp 

increase in fertiliser N inputs to intensively managed and grazed grass lands has 

rekindled the debate on its impact on atmospheric, terrestrial and aquatic environments. 

There has been increasing interest in the use of nitrogen inhibitors in mitigating 

environmental impacts of N losses through leaching and gaseous emissions from 

excretal, fertiliser and effluent N inputs. This chapter gives an overview of the sources of 

N input to grazed grass lands, the dynamics ofN in grassland soils, environmental impacts 

of N losses; discusses the role of inhibitors in improving N bioavailability and mitigating 

N losses; identifies the gaps and the limitations from the existing information; and 

concludes by presenting the main research needs to devise mitigation strategies with 

inhibitors. 

2.2 Issues 

Grasslands worldwide occupy 1 1 7 million km2 of vegetated lands and provide 

forage for over 1 800 million livestock units and wildlife (World Resources Institute 2000) . 

. These managed grasslands are highly productive, with increased pasture production being 

the major goal for the pastoral farmers for higher per hectare animal productivity. The 

fertility of grassland (pasture) soils can be substantially altered by grazing animals mainly 

through the deposition of dung and urine and their subsequent transformation and transport 
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in soils (Saggar et al. 1990a; Saggar et al. 1 990b; Haynes & Williams 1 993). In legume­

based pastures, N is derived from biological fixation of atmospheric N (BNF), through the 

addition of manures and fertilisers, and the uneven deposition of animal excreta. In non­

legume-based pastures, such as grass pastures in Europe, most N is derived from fertiliser 

and manure application. Although in legume-based pastures, most of the N is derived 

from BNF, a small amount of fertiliser N has been applied since mid nineties, during the 

early spring season mainly to overcome the deficiency caused by the slow rates of BNF 

and mineralisation of soil organic matter. Nitrogen is extremely dynamic in grazed 

pastoral soils, always changing or moving. Nitrogen is the major nutrient element that 

most strongly regulates pasture production but N is also a major contributor to 

environmental degradation. 

The global N fertiliser demand is expected to grow at an average annual rate of 

1 .7% per annum, reaching 94.6 M tonnes N in 2008. It is estimated that New Zealand 

agricultural soils annually receive about 3 million tonnes ofN, with 1 .58  million tonnes 

from recycled animal excreta, 0.9- 1 . 1  million tonnes from BNF, 0 .33 million tonnes 

from fertilisers, and about 0 .01-0.0 1 5  million tonnes from atmospheric deposition 

(Saggar 2004). Recently, fertiliser N inputs to New Zealand grazed pastures have 

increased sharply, and this increase is expected to continue in the foreseeable future. 

This increased use ofreactive-N benefits society, but it also represents a significant cost 

to society through increased N03' leaching and enhanced NH3 and N20 emissions. The 

increasing fertiliser N input to grazed pastures has rekindled the debate on its impact on 

atmospheric, terrestrial and aquatic environments (Parliamentary Commissioner for the 

Environment Report 2005). 

Nitrogen is an important plant nutrient and its loss affects both the quality and 

quantity of feed and animal production. Nitrate leaching is one of the biggest 

environmental issues facing the New Zealand agriculture sector at present. Similarly, 

grazed pastures are identified as an important source of NH3 and N20 emissions. While 

NH3 is implicated in acid rain, N20 is involved in ozone depletion and global warming (i. e. 

greenhouse gas). Both N03' leaching and gaseous emissions are considered a greater issue 

for dairy farms compared to sheep and beef farms. Results of studies conducted by Saggar 

and associates (Saggar 2004; Saggar et al. 2004b; Saggar et al. 2005a, b) show a 5- to 1 0-

fold increase in N20 emissions in grazed pasture compared with ungrazed pasture, and 

also a much higher N20 emission factor for dairy-grazed than sheep-grazed soils. 
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Therefore, the increasing amounts of N going on to hill country could increase both 

leaching and gaseous emissions ofN and create further problems in the future. 

Many approaches have been used to improve the bioavailability ofN, and mitigate 

the economic and environmental impacts of N losses. One such approach is the use of  

nitrification and urease inhibitors (NIs and VIs). Recently in New Zealand there has been 

an increasing interest in the use of commercially fonnulated NIs and VIs (e.g., EcoN, N­

Care and SustaiN2) to reduce the loss of N through leaching and gaseous emissions, and 

enhance plant productivity. 

The aim of this chapter is to discuss the role of inhibitors in the bioavailability of  

N. As N exists in many different inorganic and organic forms in soils and these N fonns 

undergo several transformations, an understanding ofN dynamics can help to illustrate the 

importance of N bioavailability and its fate in the environment. This chapter therefore 

summarises the various areas of this topic including: (i) a brief summary of N inputs and 

dynamics in grazed pastures; (ii) an outline of the environmental impacts of N losses; (iii) 

an illustration of the role of inhibitors in improving the N bioavailability and mitigating N 

losses; (iv) a brief description of research on the use of inhibitors in New Zealand; and (v) 

conclusions presenting the main research needs. 

2.3 Sources of nitrogen input 
• 
In grazed 

pastures 

In grazed pastures, N is derived from BNF, through the addition of manures and 

fertilisers, and recycled through the deposition of animal excreta. In many countries, including 

Australia, New Zealand and parts of North America and Europe, the use of legume-based 

pasture is the most common grazing management practice. In BNF, the N2 atom IS  

biochemically reduced from its most oxidised state (N2) to its most reduced form (NH4 +) : 

Nitrogenase 

N2 + 8H + 8e- + 1 6  ATP (energy) � 2NH3 + H2 + 1 6ADP + 1 6  Pi (2 . 1) 

2 EcoN: Ravensdown Fertiliser Co-operative Ltd.; N-Care: Ballance AgriNutrients Ltd. ; SustaiN: 
Summit-Quinphos Ltd. 
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This biochemical reaction i s  performed exclusively by  prokaryotes (a  large range of 

nitrogen-fixing bacteria such as Rhizobium and cyanobacteria), using an enzyme 

complex termed nitrogenase. 

The amount of BNF in legume-based pastures depends on a number of factors 

including legume species, soil and climatic conditions, nutrient supply and grazing 

management. High levels of available phosphorus in soils are essential for maintaining 

both the presence and N2-fixing activity of legumes in pastures and for supplying N to 

these pastures. Similarly, adequate levels of other nutrients, such as sulphur and 

molybdenum in particular, are required. For example, the largest annual estimates of 680 

kg N ha·! for white clover/ryegrass pasture were obtained using soils of low N status 

and under optimum conditions for N fixation (Ledgard 1 995). Work by Sears and co­

workers in the 1 950s and 1 960s from mown pastures suggested that white clover-based 

pastures were capable of fixing 500-700 kg N ha-! i! (Sears et al. 1 965), whereas 

measurements from the grazed pastures from 1 970s onwards suggest annual BNF rates 

in the range of 65-392 kg N ha-! are more common for grass/clover pastures in New 

Zealand (Crush 1987; Ledgard et al. 1 990; Ledgard & Steele 1 992; Ledgard et al. 1 996; 

Goh & Williams 1 999). These measurements also indicate annual BNF averaging about 

1 85 kg N ha-! for sheep farms to 200-250 kg N ha-! for more intensively managed dairy 

farms (White 1 989). BNF rates in the range of 1 00-300 kg N/ha/yr are therefore, 

common for grass/clover pastures in New Zealand (Ledgard et al. 1 990). It is estimated 

that New Zealand agricultural systems receive an annual N input of 0.9-1 . 1  million 

tonnes through BNF (Saggar 2004). 

Legumes tend to use soil N when the concentration of inorganic N is high, which 

results in less BNF. Consequently, application of fertiliser N to legume crops or 

pastures generally reduces the amount of BNF in soils (Table 2. 1 ) .  Addition of fertiliser 

N causes an initial decrease in BNF, as the legume is suppressed and uptake of fertiliser 

N occurs. While reviewing the data on the effect of fertiliser N on BNF from various 

clover-based field experiments, Ledgard et al. (200 1 )  reported an annual decrease of up 

to 75%. For each kg of fertiliser N applied, BNF decreased by between 0.3 and 0.7 kg 

N. The data in Table 1 suggest, with increasing N addition, BNF by clover continues to 

decrease, and the percent decrease varies between 20 to 75% depending on the time of  

application and grazing management. The impact of  increasing fertiliser application on  

BNF i s  depicted in Figure 2 . 1 .  Furthermore, in  intensively grazed systems, most of the 
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ingested N (75-95%) is excreted, mostly in  urine. This has a major direct effect on 

BNF by altering soil N status. 

Table 2.1 

Fertiliser N 

(kg N ha-l y"l ) 

0, 390 

0, 1 00 

0, 200, 400 

0, 200, 400 
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Figure 2.1  

Effect of N fertiliser in reducing biological N fixation (BNF) in New 

Zealand pastures 

, 

Biological N fixation Decrease Reference 

(kg N ha-l y"l ) 

1 1 1 , 47 

1 00, 70 

2 1 0, 1 70, 70 

1 54, 99, 39 
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58 Ledgard et al. ( 1 996) 

30 Crush ( 1 987) 

1 9, 67 Ledgard ( 1 995) 
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The influence of increased nitrogen fertiliser application on 

biological N fixation (BNF) in legume-based pastures. 

Nitrogen fertilisers are used widely in the grass-based intensive pasture 

production systems of Europe and North America. Pure grass pasture often responds 

linearly up to 200-400 kg N/ha/yr, and application rates in this range are common 

(Whitehead 1 995). Where pastures are cut for conservation, large quantities of nutrients 

are removed and the optimum N rate can be greater than that under grazed swards, 

where N is returned to pasture in the form of animal excreta. In legume-based pastures, 

small amount of N fertiliser has traditionally been added during the winter/spring 

period, mainly to offset the low level of biological N fixation during this period. 
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However, there has recently been a sharp increase in the use of N fertilisers in grazed 

pastures. This is attributed to a number of reasons including: (i) extra feed can be 

produced throughout the year to increase the stocking rate, achieve early calving, extend 

lactation later into autumn and make more high-quality silage to feed later in the 

lactation; ( ii) feed obtained from N fertiliser application can be used to replace more 

expensive feed supplements; and (iii) the productivity and the profitability of the farm 

can be increased by fertiliser N application. The recent arrival of the clover weevil in 

New Zealand will also induce more fertiliser N use unless effective control measures 

can be found. More recently, there has been increasing interest in the use of N 

fertilisers in the hill country. 

In grazed pastures, a substantial amount ofN is decoupled and recycled through 

the direct deposition of animal excreta. Usually between 5 and 35% of the N in pasture 

protein is converted into animal protein (i .e. milk and meat), and the remaining N is 

excreted in dung and urine. The proportion of total N intake excreted and its partition 

between urine and faeces are dependent on the type of animal, the intake of dry matter, 

and the N concentration of the diet. For sheep and cattle, faecal excretion of N is 

usually about 0.8 g N 1 00 g,l of dry matter consumed, regardless of  the N content of the 

feed (Whitehead 1 995). The majority of the N is excreted in urine and the proportion of 

N in the urine increases with increasing N content of the diet. 

The concentration of N in urine may vary from 1 to 20 g N L,l because of 

factors such as N content in the diet and the volume of water consumption, but it is 

normally in the range of 8-1 5  g N L,l . The proportion of urine N present as urea 

increases with an increase in N intake. Typically, over 70% of the N in urine is present 

as urea; the rest consists of amino acids and peptides (Haynes & Williams 1 993). The 

bulk of the N in faeces is in organic forms. About 20-25% of faecal N is water-soluble, 

1 5-25% is undigested dietary N, and the remaining 50-65% is present in bacterial cells 

(Oenema et at. 1 997). New Zealand's 5 .32 million dairy cows and 4 .5  million beef 

cattle daily excrete around 300 000 m
3 

of dung and 1 80 million m
3 

urine. It is estimated 

that annually in New Zealand about 70 million m
3 

of effluent are being generated from 

dairy sheds, 4 million from piggery farms, and 50 million m
3 

from meat processing 

plants (Saggar et at. 2004b). 

The estimated global amount ofN voided by animals ranges between 80 and 130  

million tonnes per year, and i s  as  large as, or  larger than, the global annual N fertiliser 
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consumption o f  about 9 0  million tonnes. In New Zealand, however, the animals void 

almost 5 times more N ( 1 .5 million tonnes ofN) than the N fertiliser input (0.34 million 

tonnes). 

2.4 Nitrogen dynamics in pasture soils 

To understand the biochemical mechanisms involved in mitigating N losses 

through the use of inhibitors, it is important to understand the dynamics ofN in soils. A 

detailed description of the biotic and abiotic N transformations is given in Bolan et al. 

(2004b). A simplified version of the transformation of N in a legume-based pasture is 

presented in Figure 2.2. The N transformations in soil include: mineralisation, 

immobilisation, nitrification, denitrification, NH3 volatilisation, NIiJ + fixation and N03-

leaching. While the first four reactions involve soil micro-organisms (biotic), the last 

three invo Ive only chemical/physical processes ( abiotic). 

N itrogen Cycle 

Ammonia gas 

Nitrous oxide gas 'urine/dUng i � ,  
\ �." .. � 

Denltrlffcation 

Figure 2.2 

Ammonification 1 j 
Plant uptake 

. � Ammonium " 
Immobilisation :/ 

Nitrate / �rlflcal/on 
Nitrite 

Schematic representation of nitrogen transfo rmations in legume­

based pastures (Dr. M.l.Hedley, Personal communication). 
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2.4.1 Mineralisation 

The mineralisation process involves the conversion of plant-unavailable organic 

forms into plant-available inorganic forms by soil micro-organisms. The process 

includes aminization and ammonification reactions. Aminization is a microbial process 

in which heterotrophic micro-organisms first hydrolyse the macromolecules of organic 

N compounds, (e.g., proteins, into simple N compounds, such as amines and amino 

acids) . For example, when blood and bone fertiliser, which contains protein as the 

major N compound, is added to pasture soils, it flIst undergoes aminization reactions 

(Eq. 2.2) . 

Proteins ( in B lood and Bone) -7 amines (R-NH2) + C02 (2.2) 

Ammonification is a biological process in which a group of micro-organisms 

converts amines and amino acids into NJ-4 + ions. For example, urea (CO(NH2)2) in 

animal urine and fertilisers undergoes the ammonification reaction releasing NJ-4 + ions 

(Eq. 2.3). This process is also known as 'urea hydrolysis ' and is carried out in the 

presence of the urease enzyme in the soiL Urease is a powerful enzyme produced by 

practically all microbial and plant species. The ammonification process also releases 

hydroxyl (OH) ions and hence the pH around the urea granules or urine spots in soil 

increases resulting in alkaline conditions. The build up to high NH4 + ion concentration 

and the elevation of pH during the ammonification reaction provide ideal conditions for 

ammonia volatilisation to occur. Thus, the addition of urease inhibitors, which retard 

urea hydrolysis, is likely to reduce ammonia volatilisation (see below). 

urease 

2NJ-4+ + 20H" + C02 (2.3) 

2.4.2 Nitrification 

The biological conversion of Nfu + to N03- is known as nitrification (Eq. 2 .4). Broadly, 

the nitrification reaction involves a two-step process in which the NH/ ions are first 

converted (oxidised) into nitrite (N02) and then to N03 -. A sequence of reactions are 

invo lved in the first step of ammonium oxidation to nitrite. Since the rate of conversion 
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of N02- to  N03- i s  faster than the conversion of NH/ to N02-, it is unlikely that N02-, 

which is toxic to plants, accumulates under most soil and climatic conditions. The 

nitrification process produces H+ ions, thereby decreasing the pH. The N03 - Ions 

produced through the oxidation of NH4 + ions are subject to leaching and gaseous 

emission losses. Thus, the addition of Nls that retards the N03- production is likely to 

reduce the loss ofN through these two processes (Eq. 2.4). 

(2.4) 

2.4.3 Immobilisation 

Immobilisation is a microbial process in which the plant-available NH4 + and 

N03- ions are converted to plant unavailable organic N .  For example, the addition of  

carbon (C)-rich substances such as  maize stubble and cereal straw in arable soils 

promotes immobilisation and reduces N availability to plants. Of major concern from a 

practical point of view is the amount of C relative to N (i.e. C:N ratio) in the 

decomposing organic matter. Problems arise when the N content of the decomposing 

organic matter is small, because microbes may become deprived ofN and compete with 

plants for the available N in soil. Thus, the addition of plant residues with a high C:N 

ratio induces immobilisation of soil N by micro-organisms, thereby decreasing the 

amount of plant-available soil N. 

2.4.4 Denitrification 

In waterlogged soils, some micro-organisms obtain their oxygen from N03-, 

resulting in the reduction of N03 -. The reduction of N03- proceeds in a series of steps, 

producing N02-, nitric oxide (NO), N20 and N2 gas (Eq. 2 .5). Denitrification results not 

only in the loss of a valuable plant nutrient but also in the release of N20 (a potent 

greenhouse gas), which is also implicated in the destruction of atmospheric ozone. 

(2.5) 
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2.4.5 Ammonium fixation 

Ammonium ions are retained on inorganic and organic soil particles by cation 

exchange reactions and also fixed in the interlayers of 2 :  1 phyllosilicate clay minerals, 

such as mica, vermiculite, and illite (Nommik & Vathras 1 982). When other cations are 

added through fertiliser application, the NH4 + ions on the cation exchange sites are 

released into the soil solution through a cation exchange process. Potassium ions, 

which are similar in size to N� + ions, have often been shown to replace the fixed NH4 + 

ions, thereby releasing NH/ into the soil solution (McBride 1 994). 

2.4.6 Nitrate leaching 

Ammonium, being a cation, is strongly retained on cation exchange sites, 

whereas N03-, being an anion, is very weakly adsorbed onto the soil particles. N itrate 

moves with water, and subsequent N03- leaching not only results in the loss of a 

valuable nutrient but also causes ground water pollution. A high N03 - concentration in 

drinking water is toxic, especially to infants, and has been linked with "blue baby 

syndrome" (methamoglobinemia). The World Heath Organisation has therefore 

stipulated a safe upper limit ( 1 1 .3 mg N03-N L- I or 50 mg N03 L-I ) in drinking water. 

Although leaching losses occur from both fertiliser N and urine N, a number of 

studies have shown that in grazed pastures, the latter provides the major pathways for N03-

leaching (Di & Cameron 2002a, b) The release of mineral N from faeces results in 

elevated concentrations of mineral N in the soil below the dung patch. The high 

concentrations ofN03- in dung patches (e.g. , 90- 130 mg N kg-I ) (Ryden 1 986) can also 

be a significant source of both N03- leaching and gaseous losses of N20 and N2 from 

grazed pastures. 

2.4.7 Ammonia volatilisation 

Ammonium ions in an alkaline medium dissociate into gaseous NH3, which is 

sUbjected to volatilisation losses (Eq. 2.6). Ammonia volatilisation occurs when the soil 

pH is high (>7.5) .  In the case of urea application and urine deposition, the initial 
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increase in  soil pH through the ammonification process (Eg. 2.6) is likely to result in 

NH3 vo latilisation. 

2.5 Environmental impact of N losses 

(2.6) 

Loss of N, occurring mainly through NH3 volatilisation, biological 

denitrification and N03· leaching, has both economic and environmental implications 

(Bolan et al. 2004). In the context of environmental pollution and global climate 

change, while N03- leaching attracts attention because of its potential human and animal 

health effects and water pollution, gaseous N, such as NH3, N20 and NO, cause concern 

because of their radiative or chemical effects on the atmosphere. Since 1 900, the global 

anthropogenic use of reactive forms of N has increased from less than 5 to 

approximately 20 million tonnes N in 1950 to almost 1 50 million tonnes N in 1 996, and 

is expected to approach 190 million tonnes N by 2020. This newly reactive N is derived 

from production of synthetic fertilisers, from the increased production of crops that fix 

N biologically, and from fossil fuel consumption (Mosier & Kroeze 2000). This 

increased use of reactive-N benefits the society, but it also represents a significant cost 

to society through increased N03- leaching and enhanced emissions of NOx 

(pronounced 'knox' ,  sum of NO and N02),  NH3, N20 and deposition of NOy (sum of 

knox plus all other oxidised forms of N such as HN03 and peroxyacetyl nitrate in the 

atmosphere) and NHx (Mosier et al. 200 1 ) .  

In New Zealand, both N03- leaching and gaseous emissions are considered more 

important issues for dairy farms than for sheep and beef farms. The environmental 

effects ofN03- leached to groundwater and other waterways and the potential damage to 

soils are a major concern to the farming industry, the scientific community, and the 

society. The accumulation of NO)- in the environment results mainly from non-point 

source leaching and runoff from the over-application of N fertilisers, voided urine and 

dung, and from poorly or untreated effluents and sewage. High concentrations of N03-

in lakes, rivers and estuaries can result in eutrophication and algal blooms, and links 
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have also been made between high N03 - and toxicity in fish eggs, amphibian eggs, and 

tadpoles (Agriculture and Agri-Food Canada 2003) .  

Agriculture is  also one of the major sources of gaseous N emissions that result 

from increased N fertiliser use, animal excreta and organic manures, or N fixed by 

legumes, thereby polluting the environment. For example, NH3 affects visibility, 

aerosol chemistry, health and climate, as it causes acidification and eutrophication when 

deposited in soil and water. It also acts as a neutralising agent for acidic aerosols, 

besides affecting vegetation and forming N03-. Ammonia has a short lifetime in the 

atmosphere but it can act as a secondary source of NO and N20, which are directly or 

indirectly involved in global warming. N itrous oxide accounts for 2-4% of total Global 

Warming Potential (GWP) (Watson et al. 1 992). In the last few decades, the 

concentration ofN20 in the atmosphere has progressively increased at an annual rate of 

0.2-0.3% as a result of human activities (Rasmussen & Khalil 1 986; Prinn et al. 1 990), 

and about 70% of the anthropogenic N20 increase is attributed to agriculture (Watson et 

al. 1 992). 

It is generally recognised that the use of chemical N fertiliser is the most 

important contributor to N20 emissions from agricultural soils worldwide. It is 

estimated that about 1 .5 million tonnes of N is injected annually into the atmosphere as 

N20 as a result of fertiliser application, which represents about 44% of the 

anthropogenic input and about 1 3% of the total annual input of N20 to the atmosphere 

(Watson et al. 1 992). Biologically fixed N and animal manures are the other major 

contributors to N20 atmospheric input. B iologically fixed N can be nitrified and 

denitrified in the same way as fertiliser N, thus resulting in N20 emissions. Legumes 

can thus increase N20 emissions by a factor of 2 to 3 compared with non-legume 

pastures (Duxbury et al. 1 982). Addition of animal waste/manure to soil supplies 

additional quantities of C and N, promotes microbial activity, and may release 

substantial amounts of N20 (Beauchamp 1 997). A 5- to l O-fold increase in N20 was 

observed in grazed pasture compared with ungrazed pasture (Saggar et al. 2004b), 

suggesting, in grazed pastures it is animal excreta deposited in the form of dung and 

urine that provides high concentrations of available N and C, and is the principal source 

ofN20 production. 
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2.6 Inhibitors in nitrogen cycle 

Nitrogen inhibitors are the compounds used in controlling N transformations in 

soils to reduce N losses. These can be grouped into two categories: (i) urease inhibitors 

(UIs) ; and (ii) nitrification inhibitors (NIs). The general theory for using NIs and UIs is 

they will slow N turnover by slowing the oxidation of N to N03-, causing N to stay in 

the more immobile form of NH/. The UIs are used to control urea hydrolysis and the 

subsequent ammonification process through their effect on urease enzyme. The NIs are 

used to control the oxidation of ammonium (NH/) ions to nitrite (N02) ions. 

Inhibitors do not inhibit nitrification indefinitely, but usually between 4 to 1 0  

weeks depending upon soil temperature and pH. These include both specific and non­

specific inhibitors. The specific inhibitors tend to control micro-organisms/enzymes 

involved in specific biochemical reactions e.g., enzymes involved in the ammonification 

(UIs) and nitrification (NIs) processes, whereas the non-specific inhibitors tend to have 

a blanket effect on microbial community in soils. Non-specific inhibitors include many 

agricultural pesticides such as herbicides (e.g. , Monuran), fungicides (e.g. , Terrazole), 

insecticides (e.g., BHC) and fumigants (e.g. , Telone) that affect the activities of soil 

micro-organisms, including ammonification and nitrification processes. Martens & 

Bremner ( 1 984, 1 993) studied the effects of 46 herbicides and 1 5  insecticides applied at 

the rate of 5 �g g-l soil and 1 7  fungicides applied at the rate of 1 �g g-l soil, on urea 

hydrolysis and nitrification of urea N in two fme-textured and two coarse-textured soils. 

They found none of the herbicides and fungicides retarded urea hydrolysis in any of the 

four soils. However, ten herbicides (2,4-D amme, Acifluorfen, Amitrole, 

Chlorpropham, Diclopfop methyl, Dinoseb, Fenoxaprop ethyl, Propanil, Propham, and 

Tridiphane) and five insecticides (Carbaryl, Diazinon, Fenitrothion Lindane and 

Trimethacarb,) retarded nitrification of N in the two coarse-textured soils. Among the 

1 7  fungicides studied, one (Maneb) retarded urea hydrolysis in all four soils, and seven 

(Anilazine, Benomyl, Chloranil, Captan, Maneb, Mancozeb and Thiram) in two coarse­

textured soils. The fungicides, with the exception of Benomyl, Fenaminosulf, Folpet, 

Metalaxyl, Metham-sodium, PCNB and Teraazole, retarded nitrification in one of the 

coarse-textured soils. 

Most of the chemical compounds used as inhibitors affect the growth and 

proliferation of micro-organisms, thereby inhibiting the nutrient cycling processes in 
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soils. A major concern, therefore, is the environmental fate of such inhibitors when 

repeatedly applied to soil .  Some inhibitors are inhibitory to plant growth at 

concentrations that effectively inhibit nitrification. 

Although many specific inhibitors are found to specifically block a particular 

enzyme system in the N transformation reaction sequence, when used in high 

concentration these compounds may act as general biocides, indicating specificity is 

often linked to concentration. Furthermore, depending on the concentration, these 

chemicals can either kill micro-organisms (i.e. biocidal action) or temporarily inhibit 

microbial function (i.e. biostatic action). However, complete inhibition of any N 

transformation process is seldom achieved with the use of these chemicals. 

2.6.1 Urease Inhibitors 

Urease inhibitors slow the conversion of urea to NIL. + by inhibiting the urease 

enzyme, which reduces NIL. + concentration in the soil solution and hence lowers the 

potential for NH3 volatilisation and seedling damage. S lowing the hydrolysis of urea 

allows more time for it to diffuse away from the application site or for rain or irrigation 

to dilute urea and NH4 + concentration at the soil surface and increase its dispersion in 

the soil subsequently retaining NH3 in the soil. 

2.6.1 . 1  Urease activity 

The urea in cattle urine and in fertiliser is usually hydrolysed within a few days 

by an enzyme termed urease, which is present in many plants and plant litter (Freney & 

Black 1 988) and in most species of bacteria, yeast and fungi. The enzyme catalyses the 

hydrolysis of urea to NIL.+ (Eq. 2 .3) and carbamate ions which decompose to CO2 and 

NH3. 

The active site of urease contains two nickel (Il) atoms linked by a carbamate 

bridge. Two imidazole N atoms are bound to each Ni  atom; a carboxylate group and a 

water molecule fill the remaining coordination site of the metal ion. The ability to 

hydrolyse urea is found to vary from 1 7  to 70 % for soil bacteria and from 78 to 98% 

for soil fungi (Lloyd & Sheaffe 1973). Although soil urease is considered to be of 

microbial origin there is evidence that some soil urease activity may be derived from 
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plants (Frankenberger & Tabatabai 1982). However, there is no direct evidence for the 

production of urease by plant roots. 

The urease activity of soils is associated with organic matter (O'Toole et al. 

1 982; Reynolds et al. 1 985; Kissel & Cabrera 1 988): as the organic matter content of 

soil decreases with depth, so too does urease activity (Brernner & Mulvaney 1 978;  

Mulvaney & Brernner 1 98 1) .  Urease activity is greater in grassland than in cultivated 

soils (0' Toole et al. 1 985; Reynolds et al. 1 985; Whitehead & Raistrick 1 993), which 

probably relates to differences in organic matter and microbial activity. 

Hydrolysis of urea is temperature dependent and increase with soil temperature 

over the range of 0-40oC (Vlek & Carter 1 983), though slight hydrolysis has been 

detected at sub-zero temperatures (Brernner & Mulvaney 1 978). It is also affected by 

urea concentration, soil water and soil pH. The optimum pH for urea hydrolysis is 

between 6.0-7.0 (Kissel & Cabrera 1 988). 

2.6.1 .2 Mechanism of Inhibition of Urease 

Thousands of chemicals have been tested as potential inhibitors of soil urease 

activity, for use with urea fertilisers. These can be classified according to their 

structures or according to their binding modes with urease, and mostly fall into three 

groups: (i) reactive organic or inorganic compounds (e.g. ,  alk(en)yl thiosulfinate, 

hydroquinone, p-Benzoquinone) that react with sulthydryl (mercapto) groups in the 

urease enzyme; (ii) metal chelating compounds (e.g., caprylohydroxamic acid, 

acetohydroxamic acid) that cause inhibition due to complex formation with one of the 

Ni atoms at the active site of urease; and (iii) competitive inhibitors (e.g., hydroxyurea, 

phosphoroamides, phenyl phosphorodiamidate PPDA, N-(n-butyl)phosphorothioic 

triamide NBPT) that resemble urea molecule (structural analogue), and bind to the 

active site of urease enzyme. Amtul et al. (2002) divided UIs into (i) substrate­

analogue inhibitors, and ( i i) non-substrate-like or mechanism-based inhibitors, 

depending on their binding modes. 

Substrate-analogue inhibitors have structural similarities to urea and inhibit 

urease by competing for the same active site on the enzyme. Thiourea, methylurea, 

hydroxyl urea, and numerous hydroxamic acids are the main examples of the substrate­

analogue UIs. 
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Non-substrate analogue inhibitors do not have any close structural similarity 

with urea, but they interfere with the enzyme's  catalysis mechanism leading to enzyme 

inactivation. These compounds are also called "mechanism-based" inhibitors, e.g., 

imidazoles and sulphydryl reagents like p-chloromercuribenzoate, polyhydric phenols, 

aminocresols and quinones (e.g. p-benzoquinone, 2-5 demethylbenzoquinone). 

A number of VIs have been studied and tested over the last 30 years, but the 

following two groups have gained importance during the last few years as potent VIs: 

Hydroxamic Acids: 

Hydroxamic acid [R-CONH-OH, R-C(OH)=NOH] (HXA) derivatives 

characterized by a terminal O=C-NHOH functionality were discovered by (Kobashi et 

al. 1 962). S ince then a range of hydroxamic acids have been designed and examined 

(Gale & Atkins 1 969; Nervig & Kadis 1 976; Kobashi et al. 1 980). The best studied 

hydroxamate and the prototype of this class of inhibitors is acetohydroxamic acid 

(AHA), which inhibits ureases from Clostridium sordelli, E. coli, Morganella morganii, 

Proteus mirabilis, Proteus vulgaris, Providencia rettgeri, Staphylococcus aureus 

(Rosenstein et al. 1 98 1 )  and many other micro-organisms, as well as ureases from soil 

(Pugh & Waid 1 969). AHA is a stable synthetic lead molecule, weakly acidic and 

highly soluble in water, which structurally resembles urea. Hydroxamic acids are 

effective metal chelates and their mechanism of inhibition involves binding to the metal 

ions of the active site of enzyme. 

Phosphorodiamidates: 

The synthetic phosphorodiamidates are more potent than HXA and can be 

successfully used to inhibit the urease activity ofureolytic bacteria in soil (Byrnes et al. 

1 983;  Martens & Bremner 1 984; Kobashi et al. 1 985; Liao & Raines 1 985;  Bremner et 

al. 1 986; Rao & Ghai 1 986) .  The strong interaction between urease and 

phosphoroamide compounds may result from the electrostatic stabilization and 

structural similarity of phosphoroamide (tetrahedral geometry) that may mimic an 

intermediate state in enzymatic catalysis. Many compounds have been studied and 

evaluated (Mulvaney & Bremner 198 1 ;  Martens & Bremner 1 984; Broadbent et al. 

1985; 0' Connor & Hendrickson 1 987), though most have shown limited potential as 

fertilizer amendment due to problems of low effectiveness, lack of sustained action, or 
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lack of stability in fertilizer. N-(n-butyl) thiophosphoric triamide (NBPT) is currently 

the most promising and effective at low concentrations when mixed with urea (Bremner 

& Chai 1 986; Joo et al. 1 987). NBPT is not an active VI and must be converted in the 

soil to its oxygen analogue N-(n-butyl) phosphoric triamide (BNPO), which is the actual 

VI (Christianson et al. 1 990). The conversion of NB PT to its oxygen analogue N-(n­

butyl) phosphoric triamide (NBPTO) is rapid, occurring within minutes/hours in aerobic 

soils (Byrnes & Freney 1 995), but it can take several days in the floodwater of tropical 

soils. NBPTO forms a tridentate ligand with the urease enzyme, blocking the active site 

(Manunza et al. 1 999). 

2.6.2 Nitrification Inhibitors 

Nitrification inhibitors have been used in agriculture to improve fertiliser 

efficiency and crop yields and to minimise denitrification and/or leaching losses ofN03" 

by maintaining applied fertiliser N in the soil as NH/-N (Smith et al. 1 989; Yadvinder 

Singh & Beauchamp 1 989; Bronson et at. 1 99 1 ). They can reduce emissions of N20 

directly by reducing the fraction ofNH/-N oxidised to N03" and therefore the N20 loss 

associated with nitrification before crop uptake, or indirectly by reducing the amount of 

N03" substrate available for denitrification (Aulakh et al. 1 984; Bronson et al. 1 992) . 

2.6.2 .1 Nitrification process 

Nitrification usually refers to chemolithotrophic nitrification, but heterotrophic 

nitrification also exists. Heterotrophic nitrification is the oxidation of any reduced form 

of N, including organic N. Fungi are considered to be most efficient heterotrophic 

nitrifiers (Killham 1 986) . Chemolithotrophic nitrification is mediated by mICro­

organisms belonging to the family Nitrobacteriaceae (Watson et al. 1 989). These 

organisms drive energy from the oxidation ofNH/ and N02", and can use C02 as a sole 

C source (Hooper et al. 1 997) .  The oxidation of NH/ and N02" is mediated primarily 

by two separate groups of autotrophic bacteria: ( i) ammonia-oxidising bacteria, 

belonging to the genera Nitrosomonas, Nitrosococcus, Nitrosospira and Nitrosolobus 

(Bock et al. 1 99 1 ); and (ii) nitrite-oxidising bacteria, belonging to the genera 

Nirobacter, Nitrococcus, Nitrospira and Nitrospina. Of the nitrite-oxidising bacteria, 
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only Nitrobacter has been detected in soils (Bock et al. 1 99 1 ) .  Ammonium oxidation is 

often thought to be the rate-limiting step in autotrophic nitrification (De Boer & 

Kowa1chuck 200 1 ) . The main factors that affect nitrification are soil temperature, 

moisture, pH, and the substrates NH/, O2, and CO2 (Stevenson 1 982). Nitrosomans 

europea has been used in most physiological research regarding chemolithotrophic 

ammonia-oxidation. Ammonia oxidation is mediated by two enzymes, ammonia 

monooxygenase and hydroxylamine oxidoreductase (Hooper et al. 1 997). Ammonia 

monooxygenase is located in the cytoplasimic membrane and converts N� + to 

hydroxylamine, and hydroxylamine oxidoreductase is located in the periplasm and 

converts hydroxylamine to N02- (Wood 1 986). It is evident from molecular techniques 

that representatives of genus Nitrosospira, and especially of cluster 3, are dominant 

ammonia-oxidising bacteria in fertilised soils (Kowalchuck & Stephen 200 1 ) . The 

heterotrophic nitrifying bacteria (Paracoccus dentrijicans, Thiosphaera pantotropha, 

Psedomonas putida and Alcaligenes faecalis) possess ammonia- and hydroxylamine­

oxidising enzymes that have strong similarities with those of autotrophic nitrifiers 

(Kuenen & Robertson 1 994; Moir et al. 1 996). 

Nitrification inhibitors are chemicals designed to slow this process, reducing the 

risk that N will be lost through leaching and denitrification. Most of the Nls inactivate 

the ammonia mono-oxygenase. Many substances can potentially inhibit the nitrification 

reactions. Metals are particularly strong inhibitors of the reactions: when exposed to 

more than one inhibitor, the extent of inhibition increases greatly. 

Among the large number of chemicals reported as Nls only eight (NP, nitrapyrin or N­

Serve [2-chloro-6-(tri-chloromethyl)pyridine] ; AM [2-amino-4-chloro-6-

methylpyrimidine] ; DCD [dicyandiamide] ; ST [2-sulfanil-amodo thiazole] ; TU 

[thiourea]; Dwell [5-ethoxy-3-trichloromethyl- l ,2,4-thiadiazole] ; MBT [2-

mercaptobenzothiazole] ; and acetylene [C2H2)) have been widely tested. So far only 

two (NP, DCD) have gained acceptance for practical use. NP is seldom effective 

because of sorption on soil colloids, hydrolysis to 6-chloropicolinic acid, and loss by 

volatilisation; it is also corrosive, explosive and toxic to plants. DCD is expensive for 

large-scale use in agriculture, and high application rates (25 kg DCD ha-I ) are required 

for significant inhibition (Merino et al. 2002). A new NI,  DMPP or ENTEC (3,4-

dimethylpyrazol phosphate), effective at low concentrations of 0.5 to 1 .0 kg active 

compound ha-I , has recently been developed in Germany (Zerulla et al. 200 1 ). 
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2.6.2.2 Mechanism of inhibition of nitrification 

In general, specific Nls are the compounds that retard oxidation ofN� + to N02-

without affecting subsequent oxidation of N02- to N03-. For example, a specific 

inhibitor such as DCD acts through its affect on cytochrome oxidase involved in the 

oxidation of hydroxylamine to N02- during the nitrification process. The length of this 

effect is a function of the concentration of DCD in the product and the frequency of 

application. The non-specific inhibitors affect all enzymes in the same way. Non­

specific methods of inhibition include any physical or chemical changes that ultimately 

denature the protein portion of the enzyme and are therefore irreversible, e.g. , 

Benzotriazoles (Bz), used as a corrosion inhibitor for decades, is an effective NI in soils 

under warm climate. 

DCD, the dimeric form of cyanamide with relatively high water solubility (23 

g/L at 1 30 C) is receiving renewed interest, as it can move with fertilisers in the soil and 

can be dissolved in liquid manures (Amberger 1 989). It also contains about 65% N,  is 

non-volatile, degrades to C02, NH3 and H20, and thus acts as a slow release N fertiliser. 

It is a bacteriostatic, non-toxic, chemical with LDso of 10  g kg- I body weight, which is 

about 3 times higher than NaCI (Amberger 1 989). DCD inhibits the first stage of 

nitrification, the oxidation of N� + to N02- (Eq. 2 .7) specifically affecting 

Nitrosomonas europea (Zacherl & Amberger 1 990). Presumably this effect is due to 

reaction of the CN group of DCD with sulfhydrl or heavy metal groups of the bacteria's 

respiratory enzyme. 

DeD 

� 
N,O 

Nitrosomonas t Nitrobacter 
NH4 +--��NH20H � [HN01 --...... � N02· � N03· 

(2.7) 

The bioactivity and effectiveness of Nls may depend on many factors such as 

soil organic matter, soil pH and soil temperature (Rodgers et at. 1985; Prasad & Power 

1 995 ; lrigoyen et al. 2003; Di & Cameron 2004a) . Generally organic matter reduces 

the effectiveness of NIs (McCarty & Bremner 1 989, 1 990) either by stimulating 

microbial activity that results in faster degradation of inhibitors (Slangen & Keerkhoff 
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1 984) or by reducing the bioactivity of inhibitors through absorption on the organic 

matter. DCD applied at 100 Ilg DCD-N g-l soil was only moderately effective in an 

organic soil (40% organic C) (Sahrawat et al. 1987). DCD is influenced by humic and 

fulvic acid in the organic matter, e.g., when shaken with purified humic and fulvic acid 

for 24 hours, both the amino and nitrile ends of DCD were sorbed to the humic 

materials in organic matter (Jacinthe & Pichtel 1 992). The addition of undecomposed 

organic matter drastically reduced the effectiveness ofNls (Puttanna et at. 1 999). 

DCD decomposes more slowly in strongly acidic soils than in slightly acidic 

soils. Only 4. 1% of DCD was mineralised in acid soils (pH 4 to 4.3) in 60 days, 

compared with 48% in a near-neutral (pH 6.8) soil (Rodgers et at. 1 985) .  The addition 

of lime ( increasing the soil pH from 5 .4  to 8.3) generally decreases Nls effectiveness 

(Puttanna et at. 1 999), due to increased nitrifier activity and increased general microbial 

activity (S langen & Keerkhoff 1 984) that rapidly biodegrades Nls. However, Bz and 

DCD showed resistance to degradation compared with the other two inhibitors (0-
nitrophenol and n-nitroani1ine). 

One of the most important factors controlling the persistence of Nls IS 

temperature (Keeney 1 980; Zourarakis & Killorn 1 990). Nls are more effective III 

laboratory incubations at temperatures well below optimal for nitrification (Bundy & 

Bremner 1 973). This effect is likely to be the result of a combination of greater 

inhibitor persistence due to slow degradation and/or slow volatilisation and low 

nitrification activity. Vilsmeier ( 1 980) found that 0.67 mg DCD-N 1 00 g-l soil was 

degraded in 60 days to 0.6 mg at 8° C and to 0. 1 mg at 20° C. Rapid reduction in 

nitrification inhibition by several inhibitors including DCD with increased temperature 

from 20 to 30°C is common (McCarty & Bremner 1 989; Puttanna et al. 1 999; Di & 

Cameron 2004a), due to their faster degradation. 

2.7 Changes 

inhibitors 

• 
In availability of N with 

Plants take N both as N� + and N03 -. Synchronizing plant N uptake with the 

released NH4 + or N03 - by controlling the rate at which urea (in applied urine or fertiliser) 
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is hydrolysed to NH4 + and its subsequent oxidation to N03 - and the temporary rise in 

soil pH is critical to minimize gaseous and leaching losses of N.  Most plants prefer 

N03- over NH/; however, the rate of uptake of NH/ is often found to be greater than 

that ofN03 -, especially at low temperatures. 

S ince plant roots can absorb both NI-4 + and N03- ions, ammonification and 

nitrification processes markedly influence the N absorption efficiency by plants, mainly 

by controlling the concentrations of these ions in soil solution. It has often been shown 

that while UIs decrease the concentration of NH4 + ions, NIs increase the concentration 

of NH4 + ions and decrease N03 - ions (Eq. 2 .7). Thus by controlling nitrification, it is 

possible, not only to increase the N absorption efficiency by plants but also to minimize 

the N loss by leaching and volatilisation. To decrease the N loss, chemical fertilisers 

with NIs have been developed, but their application is very limited in developing 

countries because of their high cost. Certain tropical grass species such as Brachiaria 

humidicola have been shown to inhibit the nitrification process by suppressing the 

growth of ammonium-oxidising bacteria, accumulating N03- in the soil, and enhancing 

nitrogen absorption. See 

http://ss.jircas.affrc.go.jp/kanko/newsletterlnI 1 9991N0. 1 8/03ishikawa. htm. 

The application of DCD with urine has been found to reduce soil N03-

production but increase the NH4 + concentration at all the soil depths (0 to 500 mm) 
compared with urine alone (Cookson & Comforth 2002). The capacity of NIs to 

preserve N in NI-4 + form depends on several factors, such as soil temperature (Guiraud 

& Marol 1 992; Zerulla et al. 200 1 ), soil humidity (Grundmann et al. 1 995), and 

treatment doses (Rajbanshi et al. 1 992). The metabolic degradation of NI-DCD follows 

a linear kinetic equation (Rajbanshi et al. 1 992) so does the increase in soil NH/ 

concentration (Irigoyen et al. 2003), and its bioavailability. The decreased N03-

concentration found in lettuce leaves with the addition of DCD (Montemurro et al. 

1 998) has been attributed to high levels ofNH/ in soil. Application ofNIs like NP and 

DCD caused a significant increase in NH4 + through mineralisation when applied alone 

to grass lands (Rodgers & Ashworth 1 982). The alkaline N fertilisers such as NH3 and 

urea have been found to generally nitrify faster than acid forming fertilisers such as 

ammonium sulphate (Keeney 1 980; Abbasi et al. 2003). Hence the relative inhibition 

by NIs could be lower with the alkaline-forming fertilisers, at least in acid and neutral 

soils. 
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Urease inhibitor (NBPT) delays urea hydrolysis and thus keeps the N in urea 

form (Bremner et al. 1 99 1 ; Wang et al. 1 99 1 ;  Watson et al. 1 994b). Although UIs have 

little impact on nitrification (Bundy & Bremner 1 973;  Bremner et al. 1 986), NBPT has 

shown the decrease in N02- and N03- accumulation in soil compared with unamended 

urea (Bremner & Chai 1 989), suggesting an association with reduced rates of 

nitrification (Watson et al. 1 994b). 

The assimilation of N by plants is a complex biochemical process involving a 

series of N assimilatory enzymes, and is beyond the scope of this chapter. For a 

detailed review on these processes please refer to (Stewart et al. 1 980) and (Lea 1 993). 

Briefly, in the presence of sufficient sun light as a source of energy, N 

assimilatory enzymes (N03 - reductase) in plants rapidly reduce N03 - to NH3, which is 

then assimilated into glutamine and glutamate (Figure 2 .3). Glutamine, g lutamate and 

organic acids arise from carbohydrate metabolism then serve as N donors in the 

biosynthesis of amines, amides and essentially all amino acids and nucleic acids. The 

amino acids thus serve as building blocks for synthesis of proteins. Thus N03-

reduction occurs both in aerial portions (shoots and leaves) and in roots of plants; 

however, most reduction occurs in shoot. The relative importance of these two sites of 

N03 - conversion is considered most important. 

[ NO 3- ] NR
. [ NH 3 ] __ Amino acids 

Am ines 
A m ides 

= [ proteins ) 
Figure 2.3 Schematic representation of nitrogen metabolism in plants. (NR 

denotes nitrate reductase). 

The rate ofNH/ assimilation is faster than that ofN03- as the former is directly 

incorporated into organic compounds (Figure 2.3) .  In order to maintain a charge 

balance, p lant uptake ofNH4 + and N03 - affects the pH of rhizosphere by releasing either 

hydrogen (H+) or hydroxyl (OH-) ions_ The release of such ions by plants also affects 

the uptake of other anions and cations. For example, N� + absorption reduces the 

uptake of cations such as calcium (Ca+2), magnesium (Mg+2) and potassium (K+) and 

increases uptake of anions such as phosphate and sulphate. N03- uptake reduces the 

absorption of anions_ 



Chapter 2 3 1  

A number of studies carried out in different agricultural systems reported that 

the application of N fertiliser with VIs or NIs improves the bioavailability of N,  

resulting in  increased dry matter yield and N uptake (Watson et al. 1 998; X U  et  al. 

2002a; Zaman et al. 2005) . Such increases are always attributed to the delayed urea 

hydrolysis by VIs and to NH4 + retention by NIs. However, there is little information in 

the literature on the type of N taken up by plants after the application of N inhibitors 

and their effects on the biochemical processes of N assimilation. Recently, in field-plot 

studies Zaman et al. (2005), reported 20%, 1 7% and 1 5% increase in pasture production 

from urea applied with VI  (NBPT), NI (DCD) and VI+NI, respectively. Vnder 

lysimeter studies, application of DCD ( 1 5  kg ha-I ) with urine increased pasture yield by 

an average of 49% in the autumn and by 1 8% in the spring urine treatment (Di & 

Cameron 2002b). DCD applied twice with urine plus urea resulted in a 1 5% to 33% 

increase in pasture yields and a 24% increase in N uptake (Di & Cameron 2004c). 

Cameron et al. (2005) also reported that treating urine patches with DCD (lysimeters) 

may increase pasture production by 1 5%. This higher dry matter yield and N uptake 

with inhibitors can be attributed to the retention of applied N as mineral N or organic N 

in the soil profile, which subsequently becomes available for pasture plants. 
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Table 2.2 Selected references on the effect of urease inhibitors (UIs) in nitrogen economy 

Inhibitor (dose) N source Reduction in N losses Type of crop Effect on dry Country Reference 

(kg NI ha-
I ) matter yield 

UI - NBPT Urea ( 1 00) 83% reduction (NH3) Perennial ryegrass 9 % increase Ireland Watson et al. 

(0.05% w/w) pasture ( 1 994b) 

UI - NBPT (0.05%, Urea ( l OO) 75-8 1 %  (sandy loam) Canada Rawluk et af. 

0. 1 0%, 0. 1 5% w/w) 75-85% (clay loam) (200 1 )  

reduction (NH3) 

UI - NBPT Urea ( 1 20) 89% (sandy loam) Wheat crop No significant Italy Gioacchini et al. 

(0.25% w/w) 47% (clay loam) effect (2002) 

reduction (NH3) 

UI -Agrotain Urea 27% Ryegrass-clover Not monitored New Zealand Singh et al. (2003) 

(0. 1 %  w/w) Urine (600) 23% reduction (NH3) pasture Singh et al. (2004) 

UI -HQ (0.3% w/w) Urea 62% decrease in N20 Rice crop 35-37% increase Belgium Xu et al. (2002b) 

+ DCD-NI (5% w/w) emISSIons 
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Table 2.3 Selected references on the effect of nitrification inhibitors (NIs) in nitrogen economy 

Inhibitor (dose) N source Reduction in N Type of crop Effect on dry Country Reference 

(kg N ha-
I ) losses matter yield 

NI -DCD (25 kg/ha) CAN (80) 42% decrease in N20 Perennial rye grass Spain Merino et al. (2002) 
Cattle slurry 60% decrease in N20 pasture 
(85) 

NI -DCD ( 1 2  kg/ha) Dairy farm 1 8% decrease in N03- Ryegrass pasture 1 9.2% increase New Williamson et al. 
effluent ( 1 1 00) -N leaching Zealand ( 1 998) 

NI -DCD (25 kg/ha) Cattle urine 36% decrease in N03- Ryegrass-clover No significant New Cookson & Cornforth 
(450) -N content (0- pasture effect Zealand (2002) 

1 00 mm) 

NI -DCD Cattle urine 76% (autumn) Ryegrass- clover 30% increase New Di & Cameron (2002b) 
( 1 000) 42% (spring) pasture Zealand 

decrease in N03--N 
leaching 

NI -DCD (6 kglha) Urea (60) Wheat crop 22-25% USA Rao & Popham ( 1 999) 
rncrease 

NI-DCD ( 1 2.5  kg Urea ( 1 20) 56-58% Perennial rye Scotland McTaggart et al. 
/ha) grass-spnng ( 1997) 

Nitrapyrin (7.5 kg/ha) Urea ( 1 20) 40% barley 
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2.8 Effect of inhibitors on N losses 

Many research trials have confirmed inhibitors are effective in delaying the 

conversion of either urea to NH/ (Uls) or NH/ to N03- (Nls) . The majority of 

research indicates the application of Uls to soils with fertiliser urea or urine reduces 

NH3 volatilisation while the application of  Nls reduces N03- leaching and N20 

emissions. Some studies also show Nls increase NH3 volatilisation (Davies & Williams 

1 995; Nastri et al. 2000). 

Treating urea with UI (NBPT) reduces NH3 loss from surface applications (Clay 

et al. 1 990; Brernner et al. 1 99 1 ). Laboratory (Carmona et al. 1 990; Vittori-Antisari et 

al. 1 996) and field studies (Watson et al. 1 994a; Rawluk et al. 2001 )  have shown 

increased inhibition of urease activity with an increasing rate of UI that followed the 

law of diminishing returns (Watson et al. 1 994b). NBPT can reduce NH3 vo1atilisation 

significantly in urea, with concentrations as low as 0.005 % (w/w) (Cannona et al. 

1 990) . Christianson et al. ( 1 990) observed 68% inhibition of urea hydrolysis at 0.0 1 %  

N B  PT (w/w) and NH3 losses l . 5 to 3 times lower when the rate was increased t o  0. 1 %. 

The optimum concentration of NB PT for temperate grassland soils to inhibit urea 

hydrolysis is 0. 1 %  of urea (w/w) (Watson et al. 1 994b). However, it has been observed 

that NBPT is less effective at higher temperatures (Bremner et al. 1 99 1 )  and in soils 

with high levels of organic carbon (Carmona et al. 1 990; Wang et al. 1 99 1 ). A soil 

incubation study, using a wide range of soil types, indicated the effectiveness of NB PT 

in lowering NH3 volatilisation was the greatest in soils with a high pH and low 

buffering capacity (Watson et al. 1 994a). As these were the soil conditions leading to 

high NH3 loss from unamended urea, NB PT has the potential to improve the efficiency 

of urea for temperate grassland. There is little evidence of any long-tenn adverse effect 

on grass production or reduced efficacy with repeated applications of NBPT amended 

urea over a period of 3 years (Watson et al. 1 998). Results of more recent studies on the 

effect of Uls on NH3 volatilisation are summarised in Table 2.2.  

Urease inhibitors have little effect on nitrification. Although NB PT has been 

shown to decrease N02- and N03- accumulation in soil (Bremner & Chai 1 989; Watson 

et al. 1 994a), this is probably due to the slow fonnation of exchangeable NH/ caused 

by the inhibition of urea hydrolysis (Vittori-Antisari et al. 1 996)_ 
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In New Zealand, there has recently been increasing interest in the use of NIs to 

mitigate environmental impacts of N losses through leaching and gaseous emissions 

from animal excreta and effluent application (Table 2 .3). Di & Cameron (2002b) found 

the application of DCD following two urine applications ( l OOOkg Nlha) reduced N20 

emissions by 82%. Williamson & Jarvis ( 1 997) obtained 74% reduction in N20 

emissions in a short-term study (37 days) where DCD was applied to urine (60 kg 

Nlha). The new inhibitor DMPP ( 1  kg ha-I ) reduced N20 emissions by 60% in autumn 

and by 48% in spring when applied to a grassland after slurry application (Merino et al. 

2005). 

About 60% reduction in N03 - leaching from grazed pasture soils, including 

animal urine patches with DCD, has been reported with soil lysimeters (Di & Cameron 

2004c) using a free-draining shallow stony soil. As N03- leaching is accompanied by 

counter cations, e.g., calcium, potassium, and magnesium, the leaching of these cations 

was also reduced by the NI (Di & Cameron 2004b). 

There is some evidence that both UIs and NIs may have detrimental effects on 

plant leaves, e.g., transient leaf tip scorch with UIs, and DCD phytoxicity under certain 

weather condition (Bremner 1995; Prasad & Power 1 995; Watson 2000; Belastegui 

Macadam et al. 2003). However, the benefits of inhibitors in reducing N losses and 

increasing pasture production would appear to outweigh these short-term detrimental 

effects. These same trials showed a wide range of economic returns, depending upon 

soil type, drainage, time of application and environmental conditions. The greatest 

likelihood of N losses is from coarse-textured or poorly drained soils; it is in these 

situations that the use of inhibitors would be most economical. However, inhibitors do not 

work as well in coarse-textured soils as in these soils urea and N� + ions have a tendency 

to move away from the inhibitor with rainfall or irrigation (University of Illinois). 

Studies on the effect of nitrification inhibitors on N economy (Table 2.3) have 

shown that the inhibitory action of these chemicals depends on their persistence and 

bioactivity in soils, which in turn are affected by the intrinsic properties of the 

compound, soil properties and climatic conditions. The half-lives of inhibitors may vary 

from a few days to several weeks, depending on the nature of the compound, rate of 

application, soil type, pH and season (soil temperature) . The ideal inhibitor for use in 

agriculture should: 
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• specifically b lock an enzymatic reaction (e.g., NIs should block 

ammonium oxidation to nitrite, but not nitrite oxidation to nitrate, during 

the nitrification process) 

• remain in close contact with N compounds (e.g., UIs must move with 

urea molecules that are not readily absorbed by soil; whereas NIs must 

be close to NHt + ions that are readily retained by soil) 

• not adversely affect other beneficial soil organisms arid higher plants 

• remain effective in the soil for several weeks after N input through 

fertiliser addition and excretal deposition 

• not to be toxic to animals and humans at the levels used to inhibit 

nitrification effectively 

• cost effective to use. 

The ultimate goal of any inhibitor is to increase the efficiency of N use. For an 

economic benefit to occur, the N saved from leaching and gaseous losses by using the 

inhibitors would have to result either in an increase in pasture production, with a value 

greater than the cost of the inhibitors, or in a reduction in fertiliser input. The economic 

benefits of reduced environmental pollution and future damage to our environment from 

leaching and gaseous emissions are of higher significance over the long-term than the 

productivity gains. The value of inhibitors in reducing N losses from N fertilisers and 

increasing crop yields is well established in arable soils. The inhibitors are also 

reported to increase pasture production. The increase in stocking rates needed to utilise 

this extra pasture may, however, enhance emissions of other greenhouse gases. Results 

of a recent desktop study (de Klein & Monaghan 2005), demonstrated the use of NIs 

had a limited effect on total greenhouse gas emissions reduction, and compared with the 

reduction in N20 emissions, due to an increase in both CH4 and CO2 emissions from the 

farm system. 

Lysimeter studies by (Di & Cameron 2002a,b, 2003 , 2004b, c), showed DCD 

reduced N03 - leaching and N20 emissions from urine and urea applications. 

Understanding the soil and plant processes controlling DCD decomposition, the variable 

response in different soils, and the impact DCD has in causing changes in the N 

transformations and N cycle is the focus of our current research. This will allow us to 

develop simple assays and models to monitor and s imulate the degradation of these 
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inhibitors in various soil types, and enhance our understanding of the impact of these 

inhibitors on the bioavailability ofN in managed grassland ecosystems. 

2.9 Conclusions 

Application of UIs or NIs with N fertiliser, animal urine and animal slurries has 

been shown to improve the bioavailability ofN, resulting in increased dry matter yield 

and N uptake. Such increases result from the delayed urea hydrolysis by UIs and NH4+ 

retention by NIs. Loss of N, occurring mainly through NH3 volatilisation, biological 

denitrification, and N03- leaching, has both economic and environmental implications. 

Therefore, the economic benefits of reduced environmental pollution and future damage 

to our environment as a result ofthe use ofN inhibitors are of higher significance to the 

productivity gains over the long-term. 

Most studies have examined the value ofN inhibitors in reducing N losses from N 

fertilisers under cropping conditions, thereby enhancing the N use efficiency of these 

fertilisers. In New Zealand, the majority ofN loss occurs from animal excretal deposition 

in grazed pasture. Recently, there has been increasing research interest in the evaluation of 

N inhibitors in reducing N losses from grazed pastures. However only limited work has 

been carried out examining the relative value of the two groups of N transformation 

inhibitors (urease and nitrification inhibitors) in enhancing the utilisation of N from urine 

and urea fertilizers, which is one ofthe main focuses ofthe study reported in this thesis. 

The value of inhibitors in mitigating N losses would depend on their rate of 

degradation and persistence in soils. Currently, there is a strong debate in New Zealand 

on the effectiveness of the NI (DCD), in mitigating N loss. However, it is difficult to 

devise mitigation strategies from the existing information because the key soil and 

environmental factors influencing DCD efficiency are poorly understood. In this thesis 

an attempt has been made to quantify the rate of degradation of DCD in various soil 

types and to relate the rate of degradation of DCD to its effect on nitrification inhibition. 

Furthermore, there is little information on the long-term impact these inhibitors will 

have in altering the N cycle of grazed pasture systems, and on the issues of toxicity. 

The understanding of the interrelations between N20 and NH3 emissions, and 

N03- and NH/ leaching is central to the understanding that how pasture systems behave 
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and respond to inhibitors and to determine the effectiveness of land-management 

strategies to reduce overall N losses. Mit igation strategies neglecting these 

interrelations may be suboptimal. For example, there are already claims that Nls lead to 

increased NH3 volatilisation and have the potential to enhance NH/ leaching. 

However, there is limited quantitative data available to assess accurately the NH3 

volatilisation and NHt + leaching contribution of Nls, which has been covered in this 

thesis. 
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Chapter 3 

Development of methodology for 

simultaneous measurement of ammonia and 

nitrous oxide emission from soil cores 

3.1  Introduction 

An upsurge of interest in gaseous losses of N (NH3 and N20) from the soil has 

occurred during the last decade mainly because of their implication in environment 

degradation (discussed in the previous chapter) . Quantitative information is required to 

assess the impact ofthese losses on the environmental pollution. 

Various indirect (i.e . ,  mass balance approach) and direct methods are available 

for measuring NH3 volatilisation from so ils. Direct measurement of NH3 volatilisation 

can be carried out by using either enclosure (e.g., closed chamber) (Kissel et at. 1 977; 

Ball et al. 1 979), micro meteorological or wind tunnel methods. Micrometeorological 

methods are available for accurately measuring NH3 volatilisation in the field (Denmead 

1 983;  Schjoerring et at. 1 992; Sherlock et at. 1 995;  Wood et at. 2000). These methods 

have an advantage as they do not disturb the natural environmental conditions that 

influence NH3 volatilisation, but at the same time are costly in instrumentation, 

laborious, weather dependent in their application and need very large experimental plots 

- more than 1 ha for the micrometerological method and about 1 ha for the wind-tunnel 

method. Closed chamber procedures involving passive sampling for NH3 have been 

used in the field, but these can introduce experimental artefacts that alter the dynamics 

and extent of NH3 volatilisation (Freney et at. 1 983; B lack et al. 1 985; Matson & 

Harriss 1 995). In the last decade, significant improvement has been achieved in 

measurmg N20 emissions, and methods (Bolan et at. 2004) (e.g. , static chamber 

technique) have been developed that are internationally acceptable and capable of 
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quantifying N20 emissions quite accurately under field conditions (Saggar et at. 2002; 

Hedley et al. 2006). 

Ammonia and N20 gases have common sources in agriculture, and in order to 

understand the processes involved in their production in soils and subsequent release to 

the atmosphere, their simultaneous measurement is required. However, methods 

adopted for measuring these gases are quite different from each other, and there has 

been no attempt to measure these gases simultaneously. Currently, the static chamber 

technique is the most common method used for monitoring surface fluxes of N20 since 

this gas is less reactive than NH3 with water (Liss & Slater 1 974), and is much less 

affected by an increase in chamber head space concentration (Mosier et al. 1 99 1 ). 

However, in contrast to NH3, N20 is generally very difficult to detect at a small 

concentration gradient above the soil surface when it is being emitted. Nitrous oxide 

fluxes, therefore, are determined from headspace samples collected periodically from 

closed chambers, whereas NH3 flux measurements require an active flow-through 

system. In a static chamber, an elevated NH3 concentration will affect subsequent NH3 

emission from the soil covered by the chamber. 

The main objective of this study was therefore to design and test a novel 

chamber technique that could be used to measure NH3 volatilisation and N20 emission 

simultaneously. To further assess the effectiveness of this chamber technique, 

simultaneous emission of NH3 and N20 was determined from pasture soil cores 

receiving urea and urine under controlled conditions. Another, passive sampling 

technique (Carran et al. 2000) was also compared against the developed technique to 

capture NH3 under field conditions. 

3.2 Materials and Methods 

3.2.1 Standards and reagents 

All the chemicals used were of analytical reagent grade and the solutions were 

prepared using reverse osmosis (RO) water. The different absorbents used for NH3 

absorption were 2% (w/v) boric acid (H3B03) (0.32 M H3B03), 0.05 M sulphuric acid 
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(H2S04) and 1 0% (w/v) oxalic acid (C2H204) ( 1 . 1  M C2H204) in acetone. The NH3 

absorbed by 2% H3B03 and 0.05 M H2S04 was determined by back titrating excess of 

these acids against 0.0 1  M H2S04 and 0.05 M NaOH, respectively. Further, the 

absorbed NH3 in 0.05 M H2S04 and 10% C2H204 was also measured as NH/-N 

concentration by standard colorimetric method on Technicon auto analyser using 0.25, 

0.5, 1 ,  2 ,  4, 8 and 12 mg NH/-N L-1 standards prepared in the respective matrix 

solutions. 

3.2.2 of Description 

instrumentation 

sampling system / 

A simplified schematic diagram of the chamber system developed in this study 

to measure both the active flux for NH3 and passive flux for N20 measurements 

simultaneously is shown in Figure 3 . 1 .  The system consisted of 1 2  air tight closed 

chambers, a constant air supply and chemical traps to capture NH3 . The chambers were 

modified PVC 'Sewer-hatches' attached to 250 mm diameter and 1 50 mm deep sections 

of PVC pipe with a sealed base. The 'Sewer-hatch' rim had an internal half-turn locking 

system and a rubber '0'  -ring which form a gas-tight seal. The system included two 

types of removable lids having one or two ports for sampling N20 or NH3 fluxes, 

respectively. The lid with one port had a 1 0  cm long tubing (3.2 mm diameter) with a 

three-way stopcock attached to it to take N20 gas samples using 60 ml polypropylene 

syringes. The lid with two ports had one input port connected to a compressed air 

supply and other exhaust port connected to a chemical trap to absorb NH3. Fifty ml of 

0.05 M H2S04 (Wulf et al. 200 1 )  or 2 % (w/v) H3B03 were used to trap NH3 . A 

manifo ld with 1 2  air valves supplied compressed air to the chambers (Plate 3 . 1 ). All the 

connections were made with appropriate PVC tubings of 4.8 mm diameter. A constant 

air flow of I dm
3 

min- 1 was maintained in each chamber using the valves in the 

manifo ld. 
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Schematic diagram of the basic component used in the method 

developed for simultaneous measurement of NH3 and N20. 

Chambers used for simultaneous measurement of NH3 and N20 
emissions 

Efficiency of ammonia absorption 
The methodology for measuring N20 using the static chamber technique had 

already been established and tested (Saggar et al. 2002), so this study was conducted to 

fmd a method appropriate for measuring N H3 emissions along with N20 measurement. 
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The ftrst step towards this was to select the appropriate absorbent for NH3 emissions. 

The efftciency of 2% H3B03 (w/v) and 0.05 M H2S04 as absorbents for NH3 gas was 

tested under two conditions: passive and active. Passive sampling implies that there is 

no air flow in the chamber, whereas during active sampling there is continuous flow of 

air through the chamber. The chambers used are discussed above in section 3 .2.2. For 

both passive and active sampling, two sets with three chambers each were used. One set 

was used for testing 2% H3B03 (w/v) and the other for 0.05 M H2S04. A Petri dish 

containing 20 ml H3B03 or 1 0  ml H2S04 was placed in each of the three chambers. In 
I 

passive sampling, the chambers were closed with the lid containing one port and then a 

known quantity of NH3 gas was introduced. Ammonia gas was formed by adding 1 M 

sodium hydroxide (NaOH) to a known quantity of ammonium chloride (NH4CI) in a 

closed Agee jar. The chambers were c losed for two hours and the NH3 trapped by the 

absorbents was determined by titration (Section 3.2 . 1 ) . 

In the case of active sampling, chambers were closed with the lids having two 

ports and the acid traps were connected to the respective chambers using plastic tubing. 

In three chambers of each set, a known quantity of NH3 gas was introduced, compressed 

air was passed through the chambers via one port @ 1 dm
3 

min- 1 and NH3 in the 

compressed air from the other port was trapped using 2% H3B03 and 0.05 M H2S04. 

The NH3 trapped in the acid solutions was then analysed by titration and auto analyser 

methods for H3B03 and H2S04, respectively. 

The recovery ofNH3 (AR) was calculated by the following formula: 

AR (%) = (Ac / A) X 1 00 (3 .1 ) 

where, Ac = NH3 (mg N) captured by the active or passive method; A = NH3 (mg N) 

added before the experiment was started. 

The efficiency ofH2S04 (0.05 M) as an absorbent of NH3 was further tested for 

a range ofNH3 concentrations ( 1 .26 J!g to 5 .0 mg NH3-N) under both passive and active 

sampling. 
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3.2.4 Evaluation of the developed chamber 

equipment for simultaneous measurement of ammonia 

and nitrous oxide 

The chambers adapted above were evaluated by monitoring NH3 and N20 

emissions from urea and urine applied to intact soil cores under glass house conditions. 

This experiment hereafter is called glasshouse experiment -A 

3.2.4.1 E xperimental set up (Glasshouse experiment A) 

Intact soil cores ( 1 00 mm diameter, 1 00 mm depth) were collected from a sheep­

grazed permanent pasture site at Massey University. The soil at this site was Manawatu 

fine sandy loam, classified as a weathered fluvial recent soil. These cores were first 

saturated overnight with deionised water and then kept on pressure plates at - 1 0  kPa 

pressure for 2 days to bring them to field capacity. Cores were weighed and then 

maintained at field-capacity moisture content throughout the experiment. The 

experiment was set up in April 2003 by placing three cores in each chamber in a 

glasshouse maintained at a temperature ranging from 1 5-20° C and collecting initial gas 

samples for background emissions of NH3 and N20. The treatments with three 

replications were applied the following day. The treatments were: T l - Control (water); 

T2 - Urine; T3 - Urea (applied as granules to the soil surface) . N itrogen in the form of 

urine and urea was added @ 476 kg N ha-l and 600 kg N ha- l , respectively. During the 

1 0-week experimental period gas samples were collected every day for the fIrst 30 days 

for NH3 using the active sampling technique, and for six weeks in case of N20 

emissions. This experiment was part of another major experiment which was 

undertaken to study the effect of urease inhibitor on N transformations from N inputs of 

urine and urea, and is  discussed in Chapter 4. 
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Ammonia measurements using the active samplin g  

technique 

Active sampling was used to monitor NH3 volatilisation and passive sampling 

for N20 emissions. Ammonia emissions were determined by flushing air @ 1 dm
3 

min- I 

continuously through each chamber for 1 0- 1 2  hrs . This flow rate corresponded to 0.2 

exchange volumes min-I . During recovery tests performed for NH3, 95- 1 00% NH3 was 

recovered with this flow rate, and no attempt was therefore made to determine if a 

change in air flow rate would affect the NH3 loss. The NH3-charged air was then passed 

through 50 ml of 0.05M H2S04 to trap NH3 . The sulphuric acid solution was then 

analyzed for total NH/-N using a Technicon auto analyser. After taking NH3 

measurements, the lids were removed and the chambers were kept open to achieve 

equilibrium with ambient conditions. 

The NH3 flux (mg N m-2 hr-I ) was then calculated using the following equation: 

N ( NH) flux) = 
C x V  

a x D  
(3.2) 

where, C = NH3 concentration in the acid trap (mg dm-
3
) ;  V = is the volume of the acid 

(dm
3
) ;  a = total cross section area (m2) of soil cores in the chamber; D = duration 

(hours) of each sampling. 

3.2.4.3 Nitrous Oxide measurements using the closed 

chamber technique 

Nitrous oxide samples were collected usmg the closed chamber technique 

(Hedley et al. 2006). The method is briefly discussed here. Gas samples were taken for 

a period of one hour with 60 ml polypropylene syringes fitted with 3-way stopcocks 

after sealing the chambers with the lid having one port. Three gas samples were taken 

from each chamber at times to, t30, t60 (i.e . ,  0 min, 30 min and 60 min respectively, 

after closing the chamber). The gas samples collected were transferred to evacuated 

vials and then analyzed using a Shimadzu GC - 1 7  A gas chromatograph with a 63N i_ 

E lectron capture detector; N20 (mg m-2 hr-I ) flux was estimated from the measurements 
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made at the three time periods (to, t30 and t60). The sample of ambient air taken just 

after closing the chamber (to) was used as a reference for calculating N20 gas fluxes. 

Accuracy of the gas chromatographic data at ambient concentrations was ± 1 % or 

better. The increases in N20 concentrations within the chamber headspace were 

generally linear (R2 > 0.90) with time. Therefore, N20 flux (mg m-2 hr-I ) was calculated 

(Mosier & Mack 1 980) from Eq. 3.3 using linear regression and the ideal gas law. 

V �c 273 
F = p x - x - x  ----

A M (T + 273) 

where; 

F = flux (mg m-2 hr-I ) 

p = density of gas (mg m-3) 

V =  Volume of chamber (m-
3
) 

A = Base area of chamber (m-2) 

(3.3) 

�c / IJ.t = Average rate of change ofN20 concentration with time (ppmvh-I ) 

T = Temperature in the chamber (0C) 

3.2.5 Comparison of active vs passive samplers for 

ammonia volatilisation 

3.2.5.1 Glasshouse experiment B 

A second glasshouse experiment was conducted in which a semi-quantitative passive 

NH3-trapping apparatus containing C2H204 as an absorbent (Carran et af. 2000) was 

compared with the active sampling method developed and discussed above. These 

passive traps are easy to use under field conditions compared to the active sampling 

technique developed in this study. The aim of this experiment was to establish a 

relationship, if any, between the semi-quantitative passive and quantitative active 

sampling techniques, which could then be used to quantitatively predict NH3 losses 

under field conditions. This experiment, hereafter, is called glass-house experiment-B. 

The passive sampling apparatus consisted of a polycarbonate vial, with internal 

dimensions of 2 1  x 90 mm. Inside the polycarbonate vial three layers of stainless steel 
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mesh (0.5 mm) were secured against the bottom of the tube. The mesh was loaded with 

C2H204 by dipping in a solution of 1 0% C2H204 (w/v) in acetone followed by drying at 

room temperature. 

To develop the relationship between the two methods, NH3 emissions were 

measured from so il cores treated with three levels of urine-N. The cores were collected 

from the same site, and prepared in the same way, as discussed in Section 3 .2.4. 1 of this 

chapter. The experiment included the following treatments with three repl ications each: 

T l  - Control (water); T2 - Urine @ 144 kg N ha-I ; T3 - Urine @ 290 kg N ha-I ; T4 -

Urine @ 570 kg N ha-I . This experiment was conducted by placing three cores in each 

chamber under controlled glasshouse conditions. Ammonia emissions were measured 

daily for the first 1 5  days after the appl ication of treatments, by both the active and 

passive sampling apparatus. One passive sampler (C2H204-coated polycarbonate vial) 

was placed in the middle of each core to absorb emitted NH3 (Plate 3 . 2) .  These 

samplers were kept open for an average of 8 hours a day. Each sampler traps a 

maximum of 2 .6  mg NH3-N (Bowatte 2003). The samplers were replaced every s ix 

days and the removed samplers were recapped until analys is. Active sampl ing was done 

during the night in this experiment. The diurnal variation in temperature was not taken 

into account, as the temperature was controlled in the glasshouse and varied only by ± 

5°C. The NH3 absorbed by 1 0% C2H204 in the sampler was dissolved in 1 0  ml distilled 

water and the concentration of NH4 + -N in the solution was then measured using a 

Technicon auto analyser. 

Plate 3.2 Three passive samplers placed on three cores in the chamber 
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3.2.5.2 Field experiment 

The two methods i.e . ,  the active sampl ing method and the passive sampler were 

further compared in a field-plot study which was part of a Tech NZ-funded 

collaborative project undertaken by various CRls (Landcare Research, HortResearch 

and AgResearch), Massey University and Summit Quinphos Ltd with the aim of 

evaluating the value of inhibitors in mitigating N losses in grazed pastures. In this 

experiment, 1 5  ( 1 .0 m x 1 . 5  m) plots were established and arranged into three blocks of  

5 plots. Five treatments were ass igned at random within each of the three blocks to  give 

a randomized complete block design. The treatments, with three replications, included 

in this plot study were : T l  = Control (water), T2 = Urine, T3 = Urine + DCD, T4 = 

Urine + Agrotain, T5 = Urine + DCD + Agrotain. Urine was applied @ 600 kg N ha-I , 

and DCD (25 kg ha-I ) and Agroatin (3 1 ha-I ) were the respective nitrification and urease 

inhibitors used. Further details of the experiment are described in Chapter 6 of this 

thesis. Ammonia emissions were measured daily by both the active and passive 

sampling apparatus for the first 1 5  days after application of the treatments. Four passive 

samplers were placed diagonally in each plot. After exposure in the field for 6 days, 

samplers were recapped until analysis. The NH3-N loss from each plot was estimated as 

the sum of NH/-N in the four vials of each plot. In the case of active sampl ing, NH3 

emissions were measured by modifYing the original method of Kissel et al. ( 1977) . 

PVC chambers, each of 0.040 m
2 

area, were inserted 30 to 40 mm into the ground. After 

treatment application in the confmed chamber area, the chambers were covered with a 

transparent lid. Ambient air from each chamber was drawn at 4 to 5 dm
3 

min- I by using 

a specially designed manifold and ammonia trapping system. This was achieved by 

making two holes opposite each-other in every chamber. The main flow was then split 

into OJ to 0.4 dm
3 

min- I and passed through 50 ml of 0.05 M H2S04 in tightly sealed 

plastic bottles. The acid solut ion was replaced every 24 hr and the N H/-N 

concentration was measured using an auto analyser. 
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Plate 3.3 Passive samplers placed in a plot during the field-plot study 

3.2.6 Statistical methods 

Analysis of variance was carried out using SAS for Windows (Version 8). 

Analysis of variance for data on NH3 volatil isation and N20 emission was carried out 

using the General Linear Model (GLM) procedure. Means were compared using the 

Least Mean Square Multiple Comparison method at 5% significant level. The 

regression analysis between total amount of NH3-N absorbed by active and passive 

sampling was conducted using SAS software. 
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3.3 Results 

3.3 .1  Recovery of  ammonia 

The recovery test indicated that at a high level ofNH3-N input (5 mg), both 0.05 

M H2S04 and 2% H3B03 showed 1 00% recovery by active sampl ing, whereas under 

passive sampling 0.05 M H2S04 achieved a higher recovery (98 .5%) than H3B03 (85%) 

(F igure 3 .2) .  Therefore, 0.05 M H2S04 was used for further testing, by both passive and 

active sampling of NH3 absorption over a range of NH3 input ( 1 . 26 to 1 0  /lg NH3-N) 

into the chamber. In both the active (R2 
= 0.99)  and passive (R2 = 0.96) sampling 

techniques there was a linear positive relationship between the amounts of NH3 

introduced in the chambers and the amounts recovered (F igure 3 .3) .  However, in 

general, the recovery of NH3 was significantly (P<0.05) lower under passive sampling 

than under active sampling, and the difference was more pronounced at the low level of 

NH3 input . 
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Figure 3.2 

iIIlActive lCPassive 

Recovery of NH3 with both active and passive sampling using 2% 
H3B03 (w/v) and 0.05 M H2804 as absorbents 



Chapter 3 5 1  

1 2  
"6i .a 1 0  
'C 2! 
CD 
� 8 
(,) CD 
� 

t 6 
z 
� 4 

i 2 
« 

0 
0 

Figure 3.3 

3.3.2 

• Active s a mpling 

o Passive s a m pling 

- - - - - - - 1 :1 line 

• • •• 
• . ·ii 

. . . . • 0 2 
. . . . . . -•

• c9 

. . . . 
� Q Q 

• • ' 11  cP 
2 4 6 

• 

8 
Amount of NH3-N added (�g) 

•• 

1 0  1 2  

Ammonia recovered i n  active and passive sampling techniques from 

various levels of NH3 addition. 

Technique evaluation 

The quantitative information on the extent of NH3 and N20 emissions from 

urine and urea observed in this study is discussed in detail in Chapter 4, in which the 

effect of urease inhibitor on the dynamics of N transformations from these two sources 

is examined. In this section, the effectiveness of the technique developed in this study in 

the simultaneous monitoring of NH3 and N20 emissions from urine and urea sources is 

discussed. 

3.3 .2.1  Ammonia emissions 

In the glasshouse experiment-A, the NH3 emiSSIon flux from the control 

treatment ranged from 1 .76 to 8.20 mg NH3-N m-
2 

dol (Figure 3 .4). The addition ofN as 

urine and urea resulted in significant (P < 0.05) increases in NH3 emissions as compared 

to the control. Urea resulted in a higher rate of NH3 emiss ion than urine (Figure 3 .4). 

The peak NH3 emission flux (999 mg NH3-N m-2 d-') from the urine treatment was 

obtained within 24 hours of application whereas for urea (4892 mg NH3-N m-
2 

dOl ) it 

was observed after two days. The total amount of NH3 emitted from the added N was 

estimated from the difference in the amount ofNH3 emitted between soil cores with and 

without added N. These calculations indicate that the cumulative NH3 emitted from 
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added urine and urea treatments measured by the active sampling method accounted for 

9% and 32%, respectively, ofthe applied N (Figure 3 .5) .  The amount of urine N emitted 

as NH3, falls within the range of4% and 27% obtained by Lockyer & Whitehead ( 1 990) 

from dry and wet soil, respectively, as measured by a wind-tunnel method, but is lower 

than the 1 7% measured by an active sampling technique from soil at field capacity 

(Carran et af. 1 982). The results obtained with urea by the active sampling technique 

(32% emission from added N) were also consistent with those obtained by 

micrometeorological methods, where percentage NH3 losses were 20, 22 and 28% when 

urea was applied @ 1 1 5 ,  1 00 and 120 kg N ha-I , respectively (Marshall & DeBe1l 1 980; 

B lack et al. 1 985;  Prasertsak et al. 200 1 ). 
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Figure 3.4 Ammonia emissions from u rine and urea applications. 
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Figure 3.5 The percent losses as NH3 and N20-N of applied N as urine and urea. 
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3.3.2.2 N itrous Oxide emissions 

The results show significantly higher emissions from both the urea and urine 

treatments as compared to the control (0.09 to 0.70 mg N20-N m-2 d-I ) over the 

experimental period of six weeks (Figure 3 .6). The overall emissions from the urea and 

urine treatments were 1 3  and 53 times higher respectively, than those from the control. 

Unlike NH3 emissions, N20 emissions were higher in the urine treatment as compared 

to the urea treatment. When expressed as a percentage of the applied N, the N losses as 

N20 from urine and urea were 1 .6% and 0.32%, respectively (Figure 3.5) .  The highest 

N20 flux in the urine treatments ( 1 50 mg N20-N m-2 d-I ) was found within 24 hours of 

application, whereas the peak in the urea treatment ( 1 1 mg N20-N m-2) was observed 

after 4 days (Figure 3 .6). Sherlock & Goh ( 1984) measured a loss of 7% of applied 

urine-N as N20 when simulated urine was added to the soil; this was greater than the 

N20 loss from aqueous urea, and much higher than the value ( 1 .6%) obtained in the 

present study (Figure 3 .5). The amount of N emitted as N20 in the urea treatment 

(0.32%) was quite close to the 0.05 - 0. 1 % found by Peterson et al. (2004) when urea 

(200-400 kg N ha-I ) was applied in aqueous form, and to the 1 .4% of applied urea-N 

(360 kg N ha-I ) in a field study conducted by Clayton et al. ( 1 997). 
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Figure 3.6 Nitrous oxide losses from u rine and urea applications. 
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3.3.3 Comparison of Active vs Passive samplers 

In the glasshouse experiment B ,  a comparison of NH3 emitted from a range of  

urme applications using the passive and active sampling techniques was attempted 

(Figure 3 .7a) . The amount of NH3-N absorbed by the passive samplers ranged from 

1 0.6 to 692 Ilg NH3-N per chamber whereas, for active sampling, the absorbed amount 

varied from 227 to 72,325 Ilg NH3-N per chamber. Although the passive sampling 

technique grossly underestimated the amount of N H3 emission, there was a significant 

linear relationship between these two methods (y = 0.009 1 x  + 39.639, r2 
= 0.98). The 

regression relationship therefore indicates that the passive samplers can be used to 

predict NH3 emissions under controlled conditions. However, in the field study, values 

ofNH3 emitted from plots for the first 1 5  days after treatment applications differed even 

more markedly when monitored with the active and passive sampling techniques 

(Figure 3 .7  b). The NH3 losses measured by active sampling for the different N 

treatments varied from 0.5 to 27 kg N ha'\ (Figure 3 .7  b), but the passive sampling 

technique did not account for this variation., with the regression relationship between 

these two techniques being non- significant (P > 0.05).  
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3.4 General Discussion 

The study indicated that: (i) the newly developed chamber technique can be 

efficiently used for active sampling of NH3 and passive sampling of N20 

simultaneously by altering the lids used for these chambers; ( ii) sulphuric acid is more 

efficient in absorbing NH3 than boric acid; (iii) the efficiency of NH3 absorption by 

H2S04 under passive sampling was less at low levels of N H3 concentration; (iv) the 

methods developed in this study are proficient in achieving simultaneous measurement 

of NH3 and N20 emissions from soil cores treated with urine and/or urea; (v) there was 

a linear relationship between NH3 emissions measured by active and passive sampling 

methods under controlled glass-house conditions, while the relationship did not hold 

true under field conditions; (vi) while the NH3 emissions were higher from urea than 

from urine, the reverse was noticed for N20 emission. In this section, some of these 

observations will be discussed in relation to the results obtained by others in the 

l iterature. 

The direct measurement of NH3 volatilisation by enclosing a volume of air 

above the soil surface and then collecting the NH3 from that air using various types of 

absorbents (acids), has been studied by several workers (Kissel et al. 1 977;  Schjoerring 

et al. 1 992; Zia et al. 1 999; Wulf et al. 200 1 ) .  Among various acids, the most 

commonly used are H2S04 and H3B03. So, a preliminary study was conducted to 

examine the efficiency of these two acids as absorbents for NH3. At a high 

concentration of 5 mg NH3-N, both absorbents showed 1 00% recovery under active 

sampling conditions, but 0.05 M H2S04 was found to be the better absorbent under 

passive sampling conditions (98 .5% recovery). Thus, 0.05 M H2S04 was used for 

further evaluation of the sampling technique and for all the subsequent experiments. 

The recovery of NH3 by 0.05M H2S04 using passive sampling was equally as good as 

active sampling ( 1 00%) at high concentrations of NH3-N (0.7  to 5 .0 mg NH3-N) (Table 

3 . 1 ) ,  but at the lower concentration ( l .26 to 1 0  �g NH3-N), the recovery by passive 

sampling (52%) was significantly lower (P<0.05) compared to active sampling (88%) 

(Figure 3 .3) .  Under passive sampling, the movement of NH3 from the source to the 

absorbent was solely dependant upon diffusion; low concentrations of NH3 would have 
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decreased the diffusion gradient significantly, thereby resulting in the low recovery of 

NH3 by the passive sampling technique. 

Table 3 .1  Ammonia recovered under active and passive sampling at high levels 

of NH3-N addition 

Amount added 
(mg NH3-N) 

5.00 

1 . 57  

0.80 

Active sampling 
Amount recovered % 
(mg NH3-N) Recovery 
5.04 1 0 1  

1 .54 

0.82 

98. 1 

1 02 

L.S .D (0.05%) 0. 1 8  
for sampling 
methods 

Passive sampling 
Amount recovered % 
(mg NH3-N) Recovery 
4.92 98.4 

1 .54 

0.84 

98. 1 

1 05 

Under field conditions, a necessary prerequisite for NH3 volatilisation is a 

supply of free NH3 near the soil surface. Ammonia volatilisation is driven by the 

difference in partial pressure of NH3 between the air and soil atmosphere. The partial 

pressure of NH3 in the soil is controlled by the rate of removal of NH3 in solution. A 

number of workers (Marshall & DeBell 1 980; Wang et al. 2004) have observed that, in 

general, methods involving diffusion in closed static systems (i.e. passive sampling) 

lead to lower estimates of NH3 loss than closed dynamic or semi-open methods (i.e, 

active sampling). The higher recovery of NH3 in the active sampling technique 

probably resulted from mass movement of NH3 in the compressed air. In our study, for 

a range ofNH3-N concentrations ( 1 .26 )lg to 5 mg NH3-N), recovery of the emitted NH3 

was 94.4% with the active sampling method, which is similar to the 99% recovery 

observed by Wang et al. (2004) using a vented-chamber technique. van Der Weerden et 

al. ( 1 996) evaluated the much used wind-tunnel method to measure NH3 volatilisation 

and found the percentage recovery for French and UK wind-tunnels was 90% and 86% 

respectively. The results obtained with the active sampling method were consistent 

with those obtained by micrometeorological method, where N application rates were 

1 00 and 134 kg N ha'! and the percentage NH3 loss was 28% and 30% of the applied N 

(Black et al. 1 985; Fox et al. 1 996). Both the recovery test and glasshouse experiments 

showed that the active sampling method gave results similar to those obtained by the 
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micrometeorological and wind tunnel methods discussed above and could therefore be 

successfully coupled with N20 measurements. 

In the glasshouse experiment A, NH3 volatilisation rates were higher from the 

urea than from the urine treatment. Urea application resulted in 32% volatilisation 

losses of the applied N as compared to 9% from the urine treatment (Figure 3 . 5). In 

contrast, N20 emissions were higher in the urine treatment ( 1 .6%) than in the urea 

treatment (0.32%) (Figure 3 .5). The reason for this difference is attributed to the 

difference in rate of hydrolysis of urea and is discussed in detail in Chapter 4. 

When both the active sampling technique and passive samplers for NH3 flux 

measurements were compared, under glasshouse conditions within enclosed chambers, 

the methods were highly correlated (� = 0.98). However, under field conditions, a poor 

relationship was obtained between the two methods (� = 0.25). Wind has often been 

shown to be an important factor influencing NH3 emission rates (Thompson et at. 1 990; 

Sommer et al. 1 99 1 ;  Misselbrook et al. 2005). In the field, these passive samplers were 

open to the wind from one direction only; no information on wind velocity was 

available, and no consideration was taken for the wind direction. Therefore, it was 

impossible to establish the area influencing for the amount of NH3 absorbed. 

Furthermore, p lots with different treatments were not isolated as in the glasshouse 

experiment, where passive samplers were confined in chambers, and hence a 

relationship between the passive samplers and active sampling could not be established 

for each treatment in the field-plot study. 

Although studies have been done to compare different methods of measuring 

NH3 emissions (Wang et al. 2004; Misselbrook et at. 2005), so far no study has been 

found where a relationship was developed between two methods, except for one by 

Carran (personal communication) who developed the following relationship between 

active and passive sampling techniques: 

NH3-N volatilised (kg N ha·l ) = (0.8) (Ilg NH3-N / sampler) (� = 0.6) (3 .4) 

Bowatte (2003) used passive samplers to trap NH3 emissions from small experimental 

plots and then subsequently used the above equation to estimate total NH3 volatilisation. 

Wang et al. (2004) found that the active vented-chamber method achieved a higher 
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(99.0%) recovery of NH3 emission than the passive method (70.8%) and the former 

method was found to be more suitable for in situ determination of NH3 volatilisation in 

the field. 

3.5 Summary and Conclusions 

Nitrogen transformation in soils is a dynamic process, which makes it difficult to 

estimate gaseous N emissions through mass balance methods because these processes 

occur simultaneously. A main concern in the development of strategies to reduce NH3 

and N20 emissions from agricultural land is that reduction in the emission of one gas 

may affect the emission of the other. Consequently, it is necessary to measure the 

emission of these two gases simultaneously using a system such as thatdeveloped in this 

study. The main advantages of the method described in this chapter are that it allows 

the simultaneous measurement of NH3 volatilisation and N20 emission from pasture 

soil under various management options. 

The main conclusions that can be drawn from this methodological study are as follows: 

• The active sampling technique showed an NH3-N recovery of 94.4%. 

• The adapted chamber technique using 0.05 M H2S04 as an absorbent for NH3 is 

a robust technique that can be successfully used to measure NH3 (active 

sampling) and N20 (passive sampling) emissions simultaneously. 

• The passive sampling technique of Carran et al. (2000) can be used to predict 

NH3 volatilisation under controlled glasshouse conditions, but is not efficient in 

predicting NH3 volatilisation under field conditions. 

• The simultaneous measurement technique developed in this study indicated that 

the amount ofNH3 emitted by surface-applied urea was higher than that of urine 

and vice versa in the case ofN20. 

The results in this chapter have demonstrated that the developed technique can 

successfully be used to measure gaseous emissions of NH3 and N20 under different 

management practices. This technique was, therefore, used to quantify the effect of 
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urease and nitrification inhibitors on the emission of these gases, and these studies 

are described in the next series of chapters. 



Chapter 4 

Chapter 4 

Effect of urease inhibitor (Agrotain) on 

gaseous emissions of nitrogen from cattle 

urine and urea fertiliser 

4.1 Introduction 

6 1  

Nearly half ( 1 3 .6 M ha) the usable land in New Zealand i s  grassland used for 

livestock farming. These managed grasslands, receive nitrogen (N) from biological N 

fixation by clovers and fertiliser and N recycled through farm effluent application and 

the uneven deposition of animal excreta. Nitrogen is extremely dynamic and is the 

major nutrient element that most strongly regulates pasture production, but N is also a 

major contributor to environmental degradation. As already discussed in the last 

chapter, loss of N occurs mainly through ammonia (NH3) volatilisation, nitrous oxide 

(N20) emission and nitrate (N03 -) leaching. This has both economical and 

environmental implications. Quantitatively, NH3 is the major form of gaseous N loss. 

The efficient use of urea fertiliser in arable and pastoral agriculture is often prejudiced 

by the loss of a large portion of the applied N by NH3 volatilisation, especially under 

tropical conditions (Vlek & Craswell 1 979; Freney et al. 1 98 1 ). Losses up to 30% are 

associated with urea-containing fertilisers (Terman 1 979; Fenn & Hossener 1985 ;  

Lightner et  al. 1 990) and with ammonium-based fertilisers applied to  high pH soils 

(Hargrove et al. 1 977; Whitehead & Raistrick 1 990). Similarly, enclosure 

measurements indicate that 4-4 1 % of the N from applied cattle urine may be lost 

through NH3 volatilisation (Lockyer & Whitehead 1 990; Whitehead & Raistrick 1 993).  

Ammonia affects visibility, aerosol chemistry, health, and climate as it causes 

acidification and eutrophication when deposited on soils and waters. Ammonia can also 

act as a secondary source of NO and N20 (Bouwman 1 990). 
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The use of nitrogen transformation inhibitors is one of the approaches that is gaining 

fast momentum as a mitigation option to reduce N losses and to control N dynamics in 

soils. Nitrogen transformation inhibitors can be grouped into two categories: (i) urease 

inhibitors (VIs); and (ii) nitrification inhibitors (Nls). The VIs are used to control the 

conversion of amide N (R-NH2) in urea-based fertilisers and urine to ammonium (N� +) 
ions (i.e ammonification or urea hydrolysis reaction). The Nls are used to control the 

oxidation of NH/ ions to nitrite (N02-) ions (i .e. nitrification reaction). So, the first 

step towards mitigating N losses from urea-based N sources, such as urea fertilisers and 

urine, is to control the flIst chemical process in the N cycle i.e., urea hydrolysis. As VIs 

control urea hydrolysis and the subsequent ammonification process through their effect 

on enzyme urease, the present study was aimed at examining the effect of VI on N 

gaseous emissions from urea and urine. Among the numerous VIs that have been 

tested, one of the most efficient is N-(n-butyl) thiophosphoric triamide (NB PT, known 

by the commercial name of Agrotain) . There is limited information on the effect of this 

inhibitor in pasture soils in New Zealand in contrast to arable soils in V .S .A and Europe 

where it has been evaluated on a range of crops including corn (Schlegel et al. 1 986), 

rice (Buresh et al. 1 988), Kentucky bluegrass (100 et al. 1 992) and perennial rye grass 

(Watson et al. 1 994b; Watson et al. 1 998). Recently in New Zealand, NBPT-amended 

urea products called Sustain Green (urea p lus Agrotain), Sustain Yellow (urea plus 

Agrotain and 4% sulphur coating) have become commercially available 

(http://www.summitquinphos.co.nz). Research work is required to evaluate these 

formulations under temperate conditions in New Zealand to assess the potential value of 

Agrotain inhibitor in mitigating N losses. The overall objective of the study was thus to 

assess the inhibitory effect of VI Agrotain on the gaseous losses of N from pasture soil 

when N is added in the form of urea and urine, and to examine its effect on N 

transformations in the soil. The specific objectives of the study reported in this chapter 

were: 

• To examme the effect of Agrotain on NH3 volatilisation losses from soil cores 

receiving different rates of urea and urine-N. 

• To examine the effect of Agrotain on N20 emission. 

• To examine the transformation of mineral N with the application of Agrotain. 

• To examine the effect of Agrotain on herbage yield. 
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• To examine the relative effect of Agrotain and elemental sulphur coating on the N 

transformations and losses from applied urea. 

4.2 Materials and Methods 

4.2.1 Experimental details 

Two experiments were conducted using in-situ soil cores collected from Massey 

University sheep farm. In the fIrst experiment, emissions of N H3 and N20 were 

compared between urea and Sustain Yellow (urea plus Agrotain and elemental S 

coating) and between urine and urine plus Agrotain. In the second experiment, 

emissions of NH3 and N20 were compared among urea, Sustain Yellow, Sustain Green 

(urea plus Agrotain) and S-coated urea. The second experiment was aimed at separating 

the effects ofUI and S coating on gaseous emissions ofNH3 and N20. 

Plate 4.1 Three intact cores placed in each chamber during the experiment 
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4.2. 1 . 1  Collection o f  cores 

Intact soil cores ( 1 00 mm diameter, 1 00 mm depth) from three representative 

sites were collected from a sheep-grazed permanent legume-based pasture at Massey 

University Frewens Research Block, Turitea campus. The soil cores were prepared in 

the same way as in Section 3.2 .4. 1 of Chapter 3 .  The so il at this site is Manawatu fine 

sandy loam, classified as a weathered fluvial recent soil (a Fluvent) . Some pertinent soil 

chemical and physical properties are given in Table 4 . l .  

Table 4.1 Chemical and physical properties of the soil from 0-50 and 50-1 00 

mm depths 

Depth Bulk Clay Total N Total C pH C.E.C 
(mm) Density content (%) (%) (soil:water (cmolJcg-l ) 

(Mg m-
3
) (%) 1 :2 .5)  

Manawatu 0-50 l .2 1 2  0.30 3 .5  5 .7  10  
fme sandy 50- 1 00 l .2 1 2  0. 1 5  l . 5 6 .2  nd 
loam 
nd = not determined 

4.2 . 1 .2 Experimental set-up 

Experiment 1 
The experiment was set up by placing three cores in each chamber m a 

glasshouse maintained at a near constant temperature ranging from I S-20°C. The 

experiment comprised six treatments with three replications: Control (water) without 

UI; Control (water) with UI ; Urine without UI; Urine with UI ; Urea without UI; Urea 

with UI (Sustain Yellow). Sustain Yellow is a commercial fertil iser product 

manufactured by Summit Quinphos Ltd. in which sui fur-coated (4%) urea granules are 

mixed with Agrotain applied @ 1 I r1 urea i.e . ,  0. 1 %  (w/w) of urea. The background 

NH3 and N20 emissions were measured a day before applying the treatments. Nitrogen 

in the form of urine and urea was added at the rate of 47.6 g N m-2 (476 kg N ha-I ) and 

60.0 g N m-2 (600 kg N ha-I ), respectively. The UI was mixed with urine and then added 

to the soil cores. The amount of UI Agrotain (liquid form) added in the urine treatment 

was s imilar on a total N basis, to that present in Sustain Yellow (@1 I r l  urea). The 

fertil iser-grade urea and Sustain Yellow granules (2-4 mm) were applied to the soil 
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surface. The gaseous emissions were monitored for 1 0  weeks (5 weeks for NH3) using 

the methods described in Section 3 .2 .4.2 and 3 .2.4.3. High rates of N were applied to 

simulate urine patches in a pasture where N loading rate can be very high (600- 1 000 kg 

N ha-I ) for dairy cattle, with 80·90% being urea N (Haynes & Williams 1 993). 

Experiment 2 
This experiment comprised the following six treatments with three replications; 

Control without UI, Control with UI,  Urea alone, Urea with UI (Sustain Green - another 

commercially available fertiliser with just Agrotain coating @ 1 I fl urea); Urea with UI 

(Sustain Yellow) and S-coated urea (32% N, 27% S). Background NH3 and N20 fluxes 

were measured one day prior to the introduction of the treatments. Nitrogen in the form 

of urea and amended forms of urea was applied @ 10 g N m-2 ( l OO kg N ha-I ). 

Ammonia emissions were monitored for 1 5  days and N20 emissions for six weeks. In 

this experiment, a low rate of N application ( l OO kg N ha-I ) was used to overcome the 

urea scorch observed at the high rate of N application (600 kg N ha- I ) in Experiment 1 .  

The temperature in the glass house was maintained at 25-30° C, which was higher than 

that of Experiment 1 .  

Table 4.2 Characteristics of N treatments used in Experiments 1 and 2 
N treatments Components pH Total N Total C Total S 

(%) (%) (%) 
Urine 7.8 7.9 3 .5  

Urea 46 20* 

Sustain Urea+Agrotain + 44 - 1 9* 4 
Yellow S coating 
Sustain Green Urea+ Agrotain 46 -20* 

S-coated Urea Urea+S coating 32 -14* 27 

* Estimated from the chemical make up 

4.2.2 Gaseous measurements 

The gaseous emissions were measured simultaneously, using an active flux for 

NH3 and passive flux for N20 emissions as discussed in Chapter 3. Ammonia collected 

in 0.05 M H2S04 for 1 2  hours during the night was analysed for total NH/-N using an 
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auto analyser. Ammonia measurements were taken daily, and the NH3 flux was 

calculated as discussed in section 3.2.4.2. Nitrous oxide measurements were taken daily 

for the first week to capture immediate changes in gas fluxes, followed by alternate days 

for two weeks and then twice a week for the following 2 weeks. For the remaining 3 

weeks, measurements were taken once a week only, as the fluxes approached 

background levels. To minimise the variation in the flux pattern, sampling was always 

carried out between 1 0  a.m. and 1 p.m. The N20 flux was calculated as discussed in 

section 3 .2.4.3. The cumulative N20 emissions during the sampling period were 

estimated by averaging the rate of emission between two successive determinations, 

multiplying that average rate by the length of the period between the measurements and 

adding that amount to the previous cumulative total. 

4.2.3 N recovery 
The N recovery in various components (NH3 emiSSIon, N20 emission and 

mineral N contents in soil, p lant N uptake) was calculated as follows: 

N recovery = [N 
P 
N
-T 
N
e ]  x 100 (4.1) 

Where, Np refers to various N components (NH3 emissions, N20 emissions, mineral N 
present in soil and N taken up by plants) in the urea and urine treatments; Ne refers to 

the corresponding N components in the control treatment; NT refers to N added to soil as 

urme or urea. 

The percentage reduction in total N as NH3 or N20 emitted with addition of UI 

to N input (urea/urine) was calculated using the following equation: 

[( A - C) - (B - D)] 
% reduction in NH / N O - N  = X1 00 3 2 

(A - C) 

where, A = total NH31N20-N emitted from N only treatment 

B = total N20-N emitted from N+DCD treatment 

C = total N20-N emitted from the control (nil N) without inhibitor treatment 

0 =  total N20-N emitted from the control with inhibitor treatment 

(4.2) 
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4.2.4 Analysis 

4.2.4.1 Urine analysis 

The urine was collected from Friesian cows during a milking session at the 

Massey University No. l Dairy farm. Individual fresh urine samples were bulked and 

frozen (- 1 8 °C) within an hour of collection. They were then analyzed for total N 

(Ebina et al. 1983) and total C (Brernner & Tabatabai 1 97 1 ). The urine applied had a 

pH of 7.8 ,  an average total N and total C content of 7.9 g rl and 3.S g rI , respectively. 

4.2.4.2 Soil analysis 

Mineral N, Total C and N and Soil pH analysis 

At the end of the experiment, soil cores were cut into O-SO mm and SO- l OO mm 

depth sections. A sub-sample (Sg oven dry equivalent) was extracted with 2 M KCI 

solution by shaking for 1 hr ( 1 :6 soil: extractant ratio). The extracts were analysed for 

nitrate (N03 -) and ammonium (NH4 +) contents colorimetrically by a Technicon auto­

analyser (Blakemore et al. 1 987). Total C and N in the soil were measured by 

combustion in a Leco FP-2000 CNS (LECO Corp., St Joseph, MI, USA). 

Soil pH was measured at a 1 :  2.S soil: water ratio using a combined electrode pH 

meter (Blakemore et al. 1 987). 

Soil cation exchange capacity 

The cation exchange capacity (C.E.C.) of the soil was measured using a method 

ofHesse ( 1 97 1 ) .  Five g of soil was shaken and centrifuged with I M  ammonium acetate 

twice and then washed three times with 9S% ethanol. The NH/ ions adsorbed by the 

soil were extracted with 0.2S M of barium chloride and, after adding 40% neutralised 

formalin, the extract was titrated against 0.02 M sodium hydroxide. The C.E.C. of the 

soil was calculated from the number of moles of sodium hydroxide required to 

neutralise the H+ ions generated in the reaction between formalin and the NH/ ions. 
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4.2.4.3 Herbage yield and analysis 

No pasture yield data was available from Experiment 1 as the pasture died from 

the injury caused by the very high levels of applied urine and urea. In Experiment 2, the 

herbage on the cores was cut at 2 cm height from the soil surface twice (after 20 and 4 1  

days of treatment application) during the experimental period, dried at 65°C for 24 

hours and weighed for total dry matter (DM) yield. The herbage samples were analysed 

for total N by the Kjeldahl digestion method (McKenzie & Wallace 1 954). 

4.2.5 Statistical Methods 

An analysis of variance using SAS software (version 8) was performed on the 

results for total NH3 and N20 emitted, mineral N, herbage DM and herbage N uptake 

using the General Linear Model (GLM) procedure. Mean comparisons were done using 

Fisher's Least Significant Difference (LSD) at 5% significance. 

4.3 Results 

4 .3. 1 Experiment 1 

4.3 . 1 .1 Ammonia e missions 

The NH3 emission flux from the control treatment ranged from 1 .76 to 8 .20 mg 

NH3-N m-2 d-I • There was no significant change in NH3 emissions when UI  was applied 

to the control. The addition of urine and urea treatments @ 47.6 and 60 g N m-2 

respectively, resulted in increased NH3 emissions within a short period of their 

application (Figure 4. 1 ) .  The urine treatment increased the NH3 flux within 24 hours of 

application and reached a maximum value of 999 mg NH3-N m-2 d-I • Application of 

urea to the soil cores resulted in the highest flux value of  4890 mg NH3-N m-2 d-I after 

two days of application. In both treatments, NH3 emissions dropped quickly for the first 
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five days and then gradually to background levels. Addition of UI  resulted in a 

significant reduction (P< 0.05) and delay in NH3 emissions from both urine and urea. In 

the urine treatment with added UI,  the peak NH3 emission flux was delayed by a day 

and reduced to 375 mg NH3-N m-2 d- I , and subsequent NH3 emissions for six days 

remained significantly lower than those in urine only treatment. After day 6, the 

emissions from urine+UI were slightly, but non-significantly higher than from urine 

only treatment until they reached background levels after 1 2  days. The total NH3-N 

released from urine decreased from 4.36 to 3.39 g NH3-N m-2 with the addition of UI, 

resulting in a 22.4% reduction in NH3 emissions (Table 4.3). Ammonia emissions from 

Sustain Yellow were also significantly lower than from the urea treatment for the first 

6-7 days after application, and the peak emission was reduced from 4890 mg NH3-N m-2 

d-I (urea) to 1470 mg NH3-N m-2 d-I (Sustain Yellow) (Figure 4. 1 ) . However, 

subsequent NH3 emissions after day 6 remained significantly higher in the Sustain 

Yellow than in the urea treatment until they gradually reached the background level 

(2.99 NH3-N m-2 d-I ). Application of Sustain Yellow reduced the total NH3 losses from 

19.7 to 1 4.3 g NH3-N m-2, resulting in a 27.5% reduction in NH3 losses (Table 4.3). 

Total N losses as NH3 from the soil cores were 8.88, 6.89, 32.6 and 23.6% for 

applied urine, urine+UI, urea and Sustain Yellow, respectively (Table 4.3). Most of the 

NH3 loss (68 to 78%) occurred within 6 days of application of both urine and urea. The 

emissions were negligible from all the treatments after 20 days of application. 

4.3 . 1 .2 Nitrous oxide emissions 

The N20 emission rate in the control treatment remained steady between 0.09 

and 0.70 mg N20-N m-2 d-I . There was no significant change in emission rate with the 

addition of UI to the control. Urine application resulted in peak N20 emission of 1 58 

mg N20-N m-2 d-I within 24 hours, followed by a progressive decline with time (Figure 

4.2) . With urea, the highest peak of 1 1 .2 mg N20-N m-2 d-I was observed on the third 

day after application. Another small peak was obtained in all the treatments, except in 

the control and control+UI, after 30 days. N itrous oxide emissions remained higher in 

all the treatments than in the control until 70 days after application. Addition of VI to 

urine reduced the peak N20 emission on day 1 from 1 58 (urine) to 83.8 mg N20-N m-2 

d-I (urine+VI), and the subsequent N20 emissions remained lower than in the urine-only 
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treatment throughout the experiment. The total N20 emission from urine was 0.80 g 

N20-N m-2 and decreased to 0.3 1 g N20-N m-2 with the addition of UI, reSUlting in a 

62% reduction in N20 emissions (Table 4.3). 

In the urea treatment, the highest emission of 1 1 .2 mg N20-N m-2 d-I was 

obtained on day 3 but then decreased markedly within a day. This declining phase was 

followed by a small but steady increase in emissions, giving a peak value of 6.2 1 mg 

N20-N m-2 d-I on day 30 (Figure 4.2). Addition of Sustain Yellow resulted in a smaller 

initial peak (2.20 mg N20-N m-2 d-I ) than from the urea-only treatment. However, the 

emission trends were similar in both treatments. Nitrous oxide emission fluxes in the 

Sustain Yellow treatment were however, higher than in urea-only treatment between 

days 30 and 70. Overall there was no significant difference in total N20 emissions in 

the urea and Sustain Yellow treatments (Table 4.3). Nitrogen loss as N20 emissions was 

1 .65, 0.62, 0.33 and 0.37% for applied urine, urine+UI, urea and Sustain Yellow, 

respectively. 
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Total N applied and N emitted as NH3 and N20 (g N m-
2
) over the 

experimental period from various treatments with and without VI 

N added NH3-N % of added N2O-N % of added Total % 
(g N m-2) (g N m-2) N emitted (g N m-2) N emitted of N 

as NH3 as N20 emitted 

0. 1 34 e* 0.0 14  c 

0. 1 1 3 e 0.0 1 5  c 

47.6 4.36 c 8.88 0.80 a l .65 1 0.6 

47.6 3 .39 d 6.88 0.3 1 b 0.62 7 .50 

60.0 1 9.7 a 32.6 0.2 1 b 0.33 32.9 

Sustain YeHow 60.0 1 4.3 b 23.6 0.24 b 0.37 24.0 

L.S.D. (0.05%) 1 .48 0. 16  

* Values followed by the same letter in a given column do not differ significantly at the 0.05 level 
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4.3.1 .3 Mineral nitrogen 

The soil cores analysed at the end of the experiment contained higher 

concentrations of N03- than NH/-N in all the treatments at both 0-50 and 50- 1 00 mm 

depths (Figure 4.3 a & b). 

In the control soils, the NH/-N concentrations ranged from 7.7 to 1 3 .3  mg kg-! 

soil at 0-50 mm depth and from 2.3 to 3 .2 mg kg- !  soil at 50- 1 00 mm depth. N itrate-N 

concentration in the control soils ranged from 6 1 .4 to 79.7 mg kg-! soil at 0-50 mm 

depth and from 36.6 to 54.4 mg kg-! soil at 50- 1 00 mm depth (Figure 4.3 a & b). Soil 

NH/ and N03- concentrations were significantly higher (P < 0.05) in the cores 

receiving urine and urea (with and without VI) than in the control soils at both the 

depths. In the urine treatment, there was no significant difference in NH4 + -N 

concentrations between 0-50 mm ( l OO mg N kg-! soil) and 50- 1 00 mm (92 mg N kg-! 

soil) depths (Figure 4.3 a), indicating that urine was uniformly distributed down the 

depth of the cores, which were kept at field-capacity moisture content throughout the 

experiment. Nitrate-N concentrations in the urine treatment were however, significantly 

higher at 0-50 mm (324 mg N kg-! soil) than at 50- 1 00 mm (2 1 0  mg N kg-! soil) depths 

(Figure 4.3 b). With the addition of VI to the urine treatment there was a significant (P 

< 0.05) increase in NH/-N concentration at both 0-50 mm depth (from 1 00 to 1 26 mg 

N kg-! soil) and 50- 1 00 mm depth (from 92 to 1 04 mg N kg-! soil) (Figure 4.3 a) . 

However, VI addition to the urine treatment had no significant effect on N03--N 

concentrations at either depth (Figure 4.3 b). 

In the urea treatment, s ignificantly higher N� + -N concentrations were found at 

0-50 mm depth ( 1 75 mg kg-! soil) than at 50- 100 mm (22.5  mg kg-! soil) depth (Figure 

4.3 a) . As urea was surface applied, this difference was expected because NH4 + would 

be confmed to the top soil layer. A similar trend was found in N03--N concentrations at 

0-50 and 50- 1 00 mm depths, with concentrations of 268 and 1 23 mg N03--N kg-! soil, 

respectively (Figure 4.3 b). In the soil cores receiving Sustain Yellow, the trend of 

NH4 + and N03 - distributions were same as in the urea treatment, but the concentrations 

at both soil depths increased significantly. The average NH/-N concentration in the 

soil cores increased from 99 to 1 7 1  mg kg-! soil and N03 --N concentration increased 

from 1 96 to 243 mg kg-I soil, with Sustain Yellow as compared to urea alone (Figure 

4.4). 
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1 9.2); 50-1 00 mm (LSD (0.05) = 5.36) (b) 0-50 mm (LSD (0.05) = 

36.4) ; 50-1 00 mm (LSD (0.05) =20.7) 
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4.3 . 1 .4 Nitrogen recovery 

Total N added in the urine and urea treatments was 47.6 g N m-2 (4 1 2  mg N kg-1 

of soil) and 60 g N m-2 (526 mg N kg-1 soil), respectively. The total N recovery in NH3 

and N20 emissions and soil NlLt + and N03 --N concentrations in all the treatments is 

given in Figure 4.4. The fraction of added N recovered was significantly higher with 

added UI in the urine (89%) and slightly higher in the urea (87%) treatments as 

compared to urine (86%) and urea alone (75%) treatments. In the urine treatment, 26% 

and 62% N, respectively, of the total N recovered was in NlLt+ and N03- forms (Figure 

4.4). With adding UI, recovery ofN was similar, 28% as NlLt+ and 64% as N03-. In the 

urea treatments, the fraction ofN recovered as NH4 + increased from 23% to 34% and as 

N03- from 33% to 38% with the addition of UI. As discussed earlier, addition of UI to 

urine and urea decreased NH3 emissions from 1 0.3 to 7.62% and from 43 .4 to 27.3%, 

respectively of the recovered N. Nitrous oxide emissions accounted for 1 .90% of the 

total N recovered in the urine treatment and for 0.7 1 %  in the treatment with added UI. 

There was no effect of UI on N20 emissions (0.43% of the recovered N) in the urea 

treatment (Figure 4.4). 
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4.3 . 1 .5 Soil pH 

The mean pH of the soil receiving N in the form of urine or urea, with and 

without UI, was significantly higher than that in the control soil (Figure 4.5).  When 

urea or urine is applied to soils, the urease enzyme hydrolyzes the urea to NH4 +. This 

process releases alkali ions (OR), thereby increasing the pH . 

In the urine treatment, pH increased from 5 .7 to 6.9 within a day of application 

and remained significantly higher than in the urine+UI treatment. Addition of UI to 

urine delayed the pH increase by a day (Figure 4.5) and the maximum pH value 

obtained was 6.7 .  In the urea treatment, pH increased from 5 .7 to 6.9 two days after 

application, while the increase with Sustain Yellow was from 5.7 to 6.3 .  The pH in the 

Sustain Yellow treatment remained significantly lower than that in the urea treatment 

throughout the measurement period. This may be attributed to the effect of UI on the 

rate of urea hydrolysis and the associated release of OH' ions. 
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4.3.2 Experiment 2 

In Experiment 1 ,  the effect of UI on N transformations from urea was examined 

by comparing commercial urea with Sustain Yellow. However, Sustain Yellow contains 

both UI and S coating, both of which have inhibitory properties. Therefore, it was not 

possible to separate out the effect of the UI from that of the S coating on N 

transformations. Thus, the main objective of Experiment 2 was to differentiate the effect 

of the S coating and UI  on gaseous N emissions. Sulphur-coated urea is a typical slow 

release fertiliser and was included as one of the treatments to compare its effect on 

gaseous N emissions with that of urea amended with UI and S (Sustain Yellow). 

Although some of the treatments (Control, urea and Sustain Yellow) were common in 

Experiments 1 and 2, it was not possible to compare N transformations between these 

two experiments because of the differences in the rates of N used (600 and 1 00 kg ha-I 

in Experiment 1 and 2, respectively) and glasshouse conditions (temperature). 

4.3.2.1 Ammonia emissions 

Results from the control and from urea and urea-amended treatments (applied @ 

1 0  g N m-2) (Figure 4 .6) showed that NH3 emissions in the control did not vary much 

during the experiment and ranged between 0.06 to 2.25 mg NH3-N m-2 d-I . Ammonia 

emissions in the urea treatment increased rapidly during the fIrst 4 days, peaking on 

second day (260 mg NH3-N m-2 d-I ). The total NH3 emission in the urea treatment was 

4.75% of the N applied, compared to 2.75, 2.75 and 2.45% in the Sustain Green, Sustain 

Yellow and S-coated urea treatments, respectively (Table 4.4) . This accounted for a 42-

48% decrease in NH3 emissions from urea fertiliser amended with UI and S compared 

to those from urea alone (Table 4.4). The time to reach the peak NH3 emission (T max) 
(48 to 50 mg NH3-N m-2 d- I ) from the amended-urea products was delayed by one day. 

Delaying T max increases the chance that water/irrigation washes the urea into the soil, 

resulting in lower total NH3 volatilisation. 

However, a second NH3 peak was obtained after 9 days in the Sustain Yellow 

and S-coated urea (5 1 .3 and 3 l .4 mg NH3-N m-2 d-I , respectively) treatments and after 

1 0  days in the Sustain Green treatment (52.4 mg NH3-N m-2 d-I ) .  This may be 
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attributed to an increased concentration of NJ-4 + ions released later in the experimental 

period due to their slow-release characteristics. 
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Figure 4.6 Ammonia emissions from the urea and amended-urea treatments. 
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Nitrous oxide emissions 

The N20 emissions from the control soil remained nearly constant and ranged 

from 0. 1 2  to 0.66 mg N20-N m-2 hr-I during the experimental period. The application of 

urea, Sustain Green, Sustain Yellow and S-coated urea, resulted in an increase in N20 

emission within a day (Figure 4.7). There were two peaks observed later during the 

experimental period in all the treatments. In the urea treatment, the highest N20 

emission rate (72 mg N20-N m-2 hr-I )  was obtained 4 days after application; a 

subsequent smaller peak (23 mg N20-N m-2 hr-I )  was observed after 1 9  days. Similar 

trends were found in all the other treatments. The peak emissions obtained at the 4th and 

9th days for Sustain Green (26.5 and 1 1 . 8  mg N20-N m-2 hr-I ,  respectively) and Sustain 

Yellow ( 1 7  and 16. 1  mg N20-N m-2 hr-I ,  respectively) were significantly lower 

compared to those in the urea treatment. In the S-coated urea treatment, the peak on the 

4th day (37.8 mg N20-N m-2 hr-I )  was significantly lower than that in the urea treatment, 

but the peak on the 1 9th day was significantly higher (45 mg N20-N m-2 hr-I ), with 

subsequent emissions also remaining higher. The total amount of N20-N emitted was 
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0.44, 0.20, 0.23 and 0.62 g N20-N m-2 in the urea, Sustain Green, Sustain Yellow and S­

coated urea treatments, respectively. This indicates that while Sustain Green and 

Sustain Yellow had significantly decreased N20 emissions by 56% and 49%, 

respectively over urea, S-coated urea had increased emission by 42% (Table 4.4). 
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70 -
-+- Urea 
-0- Sustain Green 

:g 60 � E 
50 Cl 

--.- Sustain Yellow 
___ S-coated urea 

E 
� 40 
)( :::J 30 I;: 
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N 20 z 

1 0  

0 

0 4 8 1 2  16 20 24 28 32 36 40 

Days after tre a tment a pplication 

Figure 4.7 Nitrous oxide emissions from the urea and amended-urea 

treatments. Each value represents a mean of three replicates with 

standard deviation shown by vertical bars 

Table 4.4 Total N applied and N emitted as NH3-N and N20-N (g N m-2) over 

the experimental period from urea treatments with and without UI 

Treatments N added NH3-N % of added N2O-N % of added Total % 
(g N m-2) (g N m-2) N emitted (g N m-2) N emitted of N 

as N H3 as N20 emitted 
Control 0.0 1 5  c* 0.009 d 

Urea 1 0  0.49 a 4.74 0.44 b 4.27 9 .01  

Sustain Green 1 0  0.29 b 2 .76 0.20 c 1 .96 4.72 

Sustain Yellow 1 0  0.29 b 2.79 0.23 c 2. 1 7  4.96 

S-coated urea 1 0  0.26 b 2.49 0.62 a 6.07 8.56 

L.S.D (0.05%) 0.08 0.08 

* Values fol lowed by the same letter in a given column do not differ significantly at the 0.05 level 
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4.3 .2 .3 Mineral nitrogen 

The concentration of N03--N was higher than that of NH/-N at both 0-50 and 

50- 1 00 mm depths (Figure 4.8 a & b) for all the treatments at the end of the experiment. 

The NH/-N concentration was significantly higher (P<0.05) in soil cores receiving urea 

or amended-urea products than in the control treatment (2. 1 6  and 1 .79 mg N kg-I soil, 

respectively at different depths) (Figure 4.8 a) . There was no significant difference in 

NH/-N concentration at 0-50 mm soil depth among the urea ( 1 1 . 8 mg kg-I soil), 

Sustain Green ( 1 1 .7 mg kg-I soil) and Sustain Yellow ( 1 0.4 mg kg-I soil) treatments 

(Figure 4.8 a), but the soil cores receiving S-coated urea had a significantly (P < 0.05) 

lower NH/ -N concentration (9.3 1 mg kg-I soil). No significant difference between the 

N-receiving treatments was found in N H/-N concentrations at 50- 1 00 mm depth. 

Similarly, N03 --N concentrations were also significantly higher (P < 0.05) in the urea or 

amended-urea treatments than in the control treatment (2. 1 6  and 0.95 mg N kg-I soil, 

respectively at different depths) (Figure 4.8 b). The N03--N concentrations in the 

Sustain Green (84.9 mg kg-I soil) and Sustain Yellow (8 1 . 1  mg kg-I soil) treatments 

were higher than those in urea (80.8 mg kg-I soil) and S-coated urea (77.5 mg kg-I ) 

treatments, but the differences were not significant. The concentration ofN03--N at 50-

1 00 mm depth in the S-coated urea (50.6 mg kg-l soil) was significantly higher than in 

the urea treatment (38. 1 mg kil soil) (Figure 4.8 b). 
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Figure 4.8 Distribution of (a) NH/ and (b) N03- concentrations in soil cores at 

0-50 mm and 50-100 mm depths receiving urea and amended-urea 

treatments. Each bar value represents a mean of nine replicates with 

standard deviation shown by vertical bars (a) 0-50 m m  (LSD (0.05) = 

2. 1 2); 50-100 m m  (LSD (0.05) = 1 .88) (b) 0-50 mm (LSD (0.05) = 

13.9); 50-100 mm (LSD (0.05) =1 1 .8 
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4.3.2.4 Soil pH 

The soil pH for the control treatment fluctuated between 5.4 and 5 .8  during the 

study period of 1 5  days (Figure 4.9) .  The addition of urea resulted in the highest pH of 

6.32 after 48 hours, with the pH decreasing rapidly after day 4. The pH in the Sustain 

Green and Sustain Yellow treatments showed a gradual increase, reaching a maximum 

of 6. 1 after day 4 and day 5, respectively. This increase in pH was then followed by a 

gradual decrease until day 14, when it was similar to that of the control. The S-coated 

urea treatment resulted in the lowest rise in pH (6.0) after five days; the pH then 

decreased rapidly and was lower than that in the urea treatment by end of 1 3  days. 

6.4 -;t::- Control 
-+- lkea 
-0-- Sustain Green 
--.- Sustain Yellow 6.2 

____ S coated urea 

6 

:I: 5.8 
Cl. 

5.6 

5.4 

5.2 

0 2 4 6 8 10 12 14 

Days after treatment application 

Figure 4.9 pH distributions with and without added urea and amended-urea in 

Manawatu sandy loam soil. 

4.3.2.5 Herbage dry matter yields 

The herbage DM yield and N uptake in the control treatment, receiving no N, 

were significantly lower than those in the treatments receiving N (Table 4.5). The 

highest yield of 232 g m-2 was found in the Sustain Green, followed by the Sustain 

Yellow (223 g m·2) and urea ( 1 94 g m-2) treatments; however, these treatment 

differences were not significant. The presence of VI in Sustain Green and Sustain 

Yellow significantly (P<0.05) increased the N uptake in herbage i.e. ,  7.6 1  g N m-2 and 

6.94 g N m·2, respectively, compared to that in the urea treatment (5.27 g N m-2). 

Herbage yields ( 1 50 g m-2) and N uptake (4.36  g N m-2) in the S-coated urea treatment 
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were significantly lower than those in the Sustain Green and Yellow treatments, but did 

not differ significantly from those in the urea treatment (Table 4.5). 

Table 4.5 Total dry matter (DM) yield, percent of added N in DM and N 

uptake in the response to applied N to the soil cores 

Treatments 

Control 

Urea 

Sustain Green 

Sustain Yellow 

S coated urea 

L.S.D. (0.05%) 

Total DM 

(g m-2) 

95.6 c
· 

1 94 ab 

232 a 

223 a 

1 50 b 

48.5 

N in DM 

(%) 

1 .99 

2 .72 

3 .29 

3 . 1 1  

2 .90 

N uptake 

(g m-2) 

1 .90 c 

5 .27 b 

7 .6 1  a 

6.94 a 

4.36 b 

1 . 39 

* Values followed by the same letter in a given column do not differ significantly at the 0.05 level 

All the treatments were applied @ 10 g N m-2, except for the control where no N was applied 

4.3.2.6 Nitrogen recovery 

The total N added through urea and amended-urea products was 1 0  g N m-2 (86 

mg N kg-l of soil) . In the urea treatment, the percentage of the N recovered in the form 

of NH4 + and N03 - was 7% and 56%, respectively. The urea-amended fertiliser 

treatments having UI and S coating showed a similar N& + and N03 - distribution as that 

in the urea treatment (Figure 4. 1 0). However, a c lear-cut difference in N lost as NH3 

and N20 was observed between these treatments. In the urea treatment, 4.2% and 3 .7% 

of recovered N was lost as NH3 and N20, respectively, whereas in the Sustain Green 

and Yellow treatments the loss of NH3 accounted for 2. 1 % and 2.3%, and N20 

accounted for 1 .5% and 1 .7%, respectively of recovered N. In the S-coated urea 

treatment the loss of NH3 accounted for 2.3% of the recovered N while the loss ofN20 

accounted for 5.6%, which was higher than in the urea treatment (3.7%). The decrease 

in N lost through NH3 and N20 in Sustain Green and Yellow was compensated by an 

increase in percentage of N taken up by plants. Nitrogen uptake accounted for 35% and 

34% of the recovered N in the Sustain Green and Yellow treatments compared with 

29% in the urea treatment and only 20% in the S-coated urea treatment. 
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Figure 4. 10 Recovery of N fractions (NH3 and N20 emitted during the 

experiment and N present as NH/ and N03--N in the soil at the end 

of the experiment) from N applied as urea and amended-urea. 

4.4 General discussion 
The results in this chapter have indicated that: (i) while NH3 volatilisation was 

higher from urea fertiliser than urine, the trend was the opposite for N20 emissions; ( ii) 

urease inhibitor decreased N H3 losses from both urine and urea, with the effect more 

pronounced for urea; (iii) urease inhibitor decreased N20 losses from urine application, 

though no reduction in losses was observed from urea applied @ 60 g N m-2 ; under the 

higher temperature conditions in Experiment 2, UI significantly reduced N20 emissions 

from urea applied @ 1 0  g N m-
2

; (iv) coating of urea with elemental S resulted in a 

decrease in NH3 emissions but an increase in N20 emissions; however, it did not 

influence the effect of Agrotain on gaseous emissions from urea (Sustain Yellow); ( iv) 

p lant uptake of N was higher from urea+UI (Sustain Green and Yellow) than from urea. 

I n  this section, these results are discussed in detail in relation to the results obtained in 

other studies, and an attempt will be made to provide possible reasons for these 

observations. 

The NH3 emissions from urine and urea applied @ 60 g N m-2 in this study are 

comparable in magnitude to results reported by other workers. As the urea N 
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(CO(NH2)2) in fertiliser and urine, hydrolyses in the presence of urease enzyme in the 

soils (Eq. 4.3), NH/ ions accumulate. The urea hydrolysis also results in the release of 

alkali ions (OH), thereby increasing soil pH. The NH4 + ions dissociate into NH3 in the 

presence of OR ions (Eq. 4.4), resulting in the release ofNH3 gas. 

CO(NH2)2 + 3H20 - 2NH4 + + 20R + CO2 (4.3) 

(4.4) 

In this study, following the hydrolysis of urea-N, the soil pH increased to 7 in 

Experiment 1 and 6.4 in Experiment 2. The lower increase in pH in Experiment 2 may 

be attributed to the relatively low amount of urea applied ( 1 0  g N m-2) compared to the 

very high amounts of urea (60 g N m-2) and urine (47.6 g N m-2) in Experiment 1 .  

The highest NH3 flux occurred earlier (within 24 hours) in the urine than in the 

urea treatment. The difference in the NH3 flux pattern between these N sources was 

probably due to the difference in the rate of urea hydrolysis. These results are supported 

by the fmdings of Sherlock & Goh ( 1 984) who reported more rapid hydrolysis of urine 

urea than of urea fertiliser. The presence of hippuric acid in animal urine has been 

shown to have a stimulatory effect on urea hydrolysis (Whitehead et at. 1 989). 

Sherlock & Goh ( 1 984) calculated half-lives of urine urea as 3.0 and 4.7 h respectively, 

under summer and autumn conditions in New Zealand. The high urine pH (8.0) would 

also directly favour the hydrolysis of urea because this is the optimum pH for urease 

activity (Vlek et al. 1 980). Vallis et al. ( 1982) found that more than 80% of urea in 

urine voided onto a subtropical pasture was hydrolysed within 2 h, as a result of urease 

activity in soil and/or plant residues. In Experiment 1 of this study, where urea was 

surface applied, the amount ofNH3 emitted ( 1 9.7  g N m-2) and the peak flux was higher 

in the urea than in the urine treatment (4.36 g N m-2) .  This provioded more chances for 

the release of N& + ions as NH3 from urea in contrast to NH4 + ions from urine that may 

have moved down the soil core thus reducing the NH4 + concentration at the soil surface 

and subsequent NH3 emissions. Volatilisation is essentially a physicochemical process 

which is governed by the equilibrium relationship between gaseous phase NH3(g) and 

NH3(aq) in solution (Eq 4.5); NH3 in solution is in turn maintained by NH/ - NH3 

equilibrium (Eq. 4.6) as follows. 

NH3 (aq) - NH3 (g) (4.5) 

NH4+ (aq) - NH3 (aq) + H+ (aq) (4.6) 



Chapter 4 85 

As might be expected from the NH3 (aq)-pH relationship, maximum soil pH 

coincided with maximum NH3 (g) flux and as soil pH declined so did the observed NH3 

(g) fluxes in both the experiments. The amount of N added as urea (60 g N m-2) was 

more than that in urine (47.6 g N m-2), which also might have contributed to the higher 

NH3 losses in the urea treatment. 

The addition of UI in the urine and urea (Sustain Yellow and Sustain Green) 

treatments was highly effective in reducing NH3 emissions and delaying the time of 

peak NH3 emission (T max) in both the experiments. The delay in T max was one day in 

the urine and 8 days in the urea treatments (Figure 4. 1 and 4.6). The significant factors 

that contribute to the effectiveness of UIs in controlling N H3 emissions include the 

capacity to inhibit urea hydrolysis and the diffusion of urea away from the zone of high 

soil pH associated with urea hydrolysis. Christianson et al. ( 1990) observed that, 

although UIs had decreased urea hydrolysis in soils by only 25% over six days, NH3 

losses from the inhibitor-treated samples were reduced by 90% during the same period. 

This indicates that the mode of action of these inhibitors was not simply one of delaying 

urea hydrolysis per se. Soil column studies by Clay et al. ( 1 990) have shown that urea 

treated with UIs diffuse to greater depth than untreated urea. This could be attributed to 

the greater diffusion of non-ionic urea molecules in the presence of Uls and the reduced 

diffusion of NH4 + ions produced in the absence of UIs. This enhanced diffusion of N 

reduces subsequent NH3 volatilisation. Thus the mode of action of NB PT (Agrotain) 

appears to be one of slowing urea hydrolysis long enough for urea to diffuse away from 

the placement zone. Treating urea with UIs also reduced the rise in soil pH (Figure 4.5 

and 4.9) that normally occurs concurrently with urea hydrolysis. The increase in the 

concentration of urea in the soil allows enhancement of the rate of nitrification, thereby 

lowering both the concentration ofNH/ and pH at the site of placement. 

In Experiment 1 ,  more NH/ was found in the soil cores treated with UI than in 

the cores receiving urine and urea alone; however, this did not apply in Experiment 2. 

The addition ofN sources such as urine and urea to the soil result in the accumulation of 

exchangeable N� + in the first 4-5 days with a strong concentration gradient being 

developed from the placement site (top surface layer) down the soil core depth 

(Christianson et al. 1993 ; Vittori-Antisari et al. 1 996). This high concentration of NH/ 

near the soil surface is subject to volatilisation, immobilization and nitrification 



Chapter 4 86 

reactions. As already discussed, the presence of UIs slows down the formation of NH4 + 

ions due to inhibition of urea hydrolysis and results in their diffusion down the soil 

depth thereby lowering the concentration gradient from the surface to deeper depths of 

the soil core. The slow released N� + ions are thus less susceptible to NH3 loss, thereby 

providing a greater chance for uptake by plants. This is quite clear in Experiment 2, as 

more N was taken up in soil cores receiving the Sustain Green and Yellow treatments 

than in cores with urea alone. As there were no plants to take up exchangeable NH4 + in 

Experiment 1 ,  the build-up in Nfu + was seen in the cores receiving UI along with the N 

input. These NH4 + ions would have been nitrified or immobilized with increasing time 

after application. Urease inhibitors have been shown to prevent the apparent intial 

immobilization of urea but hydrolysis then proceeds at a rate comparable to that without 

inhibitor (Hendrickson et al. 1 987). 

In the urea treatment, the amount of N20 emitted was 0.3% and 4.3% of the 

applied N @ 60 and 1 0 9 N m-2 in Experiment 1 and 2, respectively. The N20 emission 

from the urine treatment in Experiment 1 ( 1 .6%) was found to be consistent with the 

general range ofN20 emissions of 0. 1 - 3 .8  % of applied urine-N (Oenema et al. 1 997; 

van Groenigen et al. 2005). In Experiment 1 ,  N20 emissions were higher in the urine 

than in the urea treatment, and also the peak flux was obtained earlier (within 24 hours) 

after urine application. Sherlock & Goh ( 1 983) measured greater losses of N20 from 

simulated urine than aqueous urea, also, peak emissions were observed within a few 

hours after urine application, compared to 24-48 hours after urea application. Increases 

in N20 emission within 24 hour of urine application were also observed by (de Klein & 

van Logtestijn 1 994; Koops et al. 1 997). In Experiment 1 ,  urine was added to the soil 

cores at field-capacity moisture content and may have created water-saturated 

conditions, thus stimulating denitrification. Saggar et al. (2002, 2003, 2004b) have also 

shown that, under field conditions, sites having water-filled pore space (WFPS) above 

field capacity had higher N20 emissions because of the formation of anaerobic sites, 

which is a fundamental requisite for denitrification. Sherlock & Goh ( 1 983) also 

explained this initial stimulation of N20 production, either because of 

chemodenitrification or by anaerobiosis in micro sites as a result of CO2 generated from 

the rapid hydrolysis of urine urea. The addition of UI decreased the N20 emissions in 

the urine (Experiment 1 )  and urea (Experiment 2) treatments. In Experiment 1 ,  the 
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Sustain Yellow treatment caused low N20 emissions compared to those in the urea 

treatment for fIrst 20 days (Figure 4.2) but, as the effect of UI started diminishing, there 

was a gradual increase in N20 emissions; these showed a peak after 30 days and 

remained higher than in the urea treatment until the termination of the experiment. In 

Experiment 2 in contrast, N20 emissions in the amended-urea treatments remained 

lower throughout the experimental period. This difference in the effect of UI on N20 

emission between these two experiments could be attributed to continuous removal o f N  

through plant uptake resulting in a low concentration of N03- for denitrifIcation. Plants 

also affect NH3 volatilisation by decreasing the concentration of NHt + in the soil  

solution through N uptake and by altering the pH of the rhizosphere soil (Saggar et at. 

2004b). Moreover, in Experiment 2,  the temperature was higher in the glasshouse (25-

30 °C), which might have resulted in faster nitrifIcation in the soils. As the amount of 

NH4 + ions for nitrifIcation would initially be lower in the amended-urea treatments than 

in the urea-alone treatment, thereby resulted a decrease in N20 emissions produced 

during nitrifIcation. The reduced N20 emissions resulted slightly higher N03--N content 

in the soil cores (Figure 4.8 b) receiving amended-urea compared to the urea only 

treatment which might be liable to leaching. This increase in N03 --N content was a lso 

found in urine and higher rate of urea treatments in Experiment 1 .  

With S-coated urea, the reduction in NH3 emissions showed that it was effective 

in decreasing NH3 losses (Table 4.3). However, this treatment resulted in decreased N 

uptake and higher N20 losses compared to the urea-alone treatment. Nitrogen release in 

the S-coated urea treatment appeared to be slower than in the other urea treatments, with 

plant growth being adversely affected as not enough N was available for the p lants. The 

resulting continuation of N release from S-coated urea later in the experimental period 

when plant growth was reduced could explain the relatively high N20 fluxes. However, 

there was no difference in gaseous emissions and N transformation between Sustain 

Yellow (urea+ Agrotain+elemental S) and Sustain Green (urea+ Agrotain) treatments 

indicating that S coating did not influence the effect of Agrotain on N transformation of 

urea. It has to be pointed out, however, that while S-coated urea contained 27% S, 

Sustain Yellow has only 4% S. 
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4.5 Conclusions 

• Urease inhibitor was effective in reducing NH3 volatilisation losses both from 

urine and urea as N sources. 

• Urease inhibitor was effective in reducing N20 emissions from urine and urea 

but this reduction varied depending upon the plant uptake and nitrification rate 

in the soil. 

• Urease inhibitor increased herbage dry matter yields and N uptake from urea 

fertiliser. 

• Urease inhibitor caused a slight increase in N03--N concentration in the soil in 

both the urine and urea treatments; this nitrate may be susceptible to leaching. 

• Elemental S coating on urea reduced N lost as NH3 but increased N20 emissions 

and reduced N uptake by plants_ 

• The S coating in the Sustain Yellow did not show any additional effect on N 

gaseous emissions and N transformations compared with those in the Sustain 

Green treatment. 
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Chapter 5 

Influence of nitrification inhibitor (DCD) on 

the gaseous and leaching losses of nitrogen 

from urea and cattle urine in pasture soil 

5.1 Introduction 

An upsurge of interest in gaseous losses of N as ammonia (NH3) and nitrous oxide 

(N20) and nitrate (N03) leaching from the soil has occurred during the last decade mainly 

because of the environmental impacts of these losses discussed in previous chapters. High 

concentration ofN03' in ground water can cause contamination of ground and surface waters 

which is linked to increasing incidences of N03- toxicity in human and livestock (i.e. 

methaemoglobinaemia). To safeguard human health, the New Zealand Ministry of Health 

has introduced drinking water guidelines limiting N03--N concentration to 1 1 .3 mg N rl . 
Regional authorities have developed regional resource p lans that may restrict land uses to 

protect water resources. To minimise adverse environmental impacts by farming activities, 

the New Zealand dairy industry introduced its own environmental quality assurance 

programme for farmers to follow. Although these measures will no doubt help farmers to 

adopt best management practices, they alone may not be sufficient to result in a dramatic 

reduction in N losses as gaseous emissions and N03- leaching. The single largest source of 

N20 emission in New Zealand is animal excreta deposited during grazing (80% of 

agricultural N20 emission), while N fertiliser use currently contributes only 1 4% of 

agricultural emissions. Nitrogen fertiliser use has, however, increased 4-fold since 1990 

(de Klein & Ledgard 2005). The resurgence and intensification of the dairy industry 

(MAF 2003) is one of the major reasons contributing to the increase in N use in New 

Zealand. 
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As discussed in preVIOUS chapters, varIOUS approaches have been attempted to 

mitigate the economic and environmental impacts of N losses and the approach which is 

gaining fast momentum is the use of inhibitors. These N transformation inhibitors i.e, both 

urease inhibitors (Uls); and nitrification inhibitors (Nls) have been shown to slow down 

the transformation of N in soils, thereby reducing the loss of N through leaching and 

gaseous emISSIons. Although the value of these inhibitors in enhancing the N use 

efficiency has been tested extensively under arable cropping (Freney 1 997; Subbarao et at. 
2006), only a limited number of studies has examined their value in grazed pastures. 

Results in Chapter 4 indicated that the use of the UI, Agrotain, was very effective in 

reducing N losses through NH3 emission from both urine and urea fertiliser in pasture 

soils; however, its effect on N20 emission was not consistent and it also increased the 

concentration of soil N03' which could be subject to leaching losses. 

Interest in nitrification inhibitors stems from the fact that they can reduce the 

leaching of N03' and the emissions of N20 directly by reducing the fraction of NH/-N 

oxidised to N03", and therefore the N20 loss associated with nitrification, or indirectly by 

reducing the amount of N03' substrate available for denitrification (Aulakh et at. 1 984; 

Bronson et at. 1 992). A commonly used nitrification inhibitor is dicyandiamide (DCD) 

which inhibits the first stage of nitrification, the oxidation of N14 + to N02' (Amberger, 

1 989). It is not a broad-spectrum bactericide and does not affect other heterotrophs that 

are responsible for much of the soil biological activity (Amberger 1989). 

DCD has been used in the past to increase the efficiency of N in fertilisers or 

manures with variable results (Amberger 1 989; Wadman et at. 1 993; Davies & Williams 

1 995; Williamson et at. 1 998). Recent studies by Di & Cameron (2002b, 2003, 2004c, 

2005) with DCD on urine patches in grazed pasture soils showed 56-73% reduction in N20 

emissions and 74-76% reduction in N03' leaching. But limited studies have been done to 

see the overall effect of DCD on gaseous emissions of both NH3 and N20 and leaching o f  

NH/ and N03·. Thus the present study (two experiments) was conducted with an overall 

objective of gaining a comprehensive understanding of the effect of DCD on the dynamics 

of urine-N and urea-N that could be used to devise strategies to mitigate N losses from 

grazed pastures. Further, the effect of DCD on the leaching of Ca+2, K+ and Mg+2 cations 

from urine application, which is not of environmental concern but an economic loss to the 

farmer, was also assessed. 
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The specific objectives of the study reported in this chapter include: 

• To examine the effect of DeD on NH3 and N20 emissions from soil cores receiving 

different rates of urea and urine-N. 

• To examine the transformation of mineral N with the application of DeD. 

• To examine the effect of DeD application on NH/, K+, Mg+2, ea+2, and N03-

leaching. 

• To examine the effect of DeD on herbage yield. 

5.2 Materials and Methods 

5.2.1 Experimental details 

5.2.1 .1  Collection and preparation of  cores 

Intact soil cores ( l OO mm diameter, 1 00 mm depth) were collected from three 

representative sites of a sheep-grazed permanent legume-based pasture at Massey 

University Frewens Research B lock, Turitea campus. The cores were prepared as 

described in Section 3.2.4. 1 of Chapter 3 .  The chemical and physical properties of the soil 

are given in Table 4. 1 of Chapter 4. 

5.2.1 .2 Treatments 

Two glasshouse experiments were conducted to examine the effect of Den on 

N losses at various levels of urea fertiliser (Experiment 1 )  and urine application 

(Experiment 2). The results from these two experiments were used to compare the 

effect of Den on N losses between urine and urea fertiliser application to pasture soils. 

The experiments were conducted separately and for both the experiments three cores 

were placed in each chamber, maintained at a temperature ranging from I S-20oe and 

field capacity soil moisture content for the 50-day experimental period. The 
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background emissions of NH3 and N20 were taken from all the 24 chambers in each 

experiment before applying the treatments. 

Experiment 1 

In this experiment, eight treatments with different rates of urea (Ur) were 

applied with three replications. These were UrT l - Control without DCD, UrT2 -

Control with DCD (2.5 g m-2), UrT3 - Urea @ 2.5 g N m-2 (25 kg N ha- I ), UrT4 - Urea 

@ 2.5 g N m-2 + DCD, UrT5 - Urea @ 5.0 g N m-2 (50 kg N ha- I ), UrT6 - Urea @ 5 .0  g 

N m-2 + DCD, T7 - Urea @7.5 g N m-2 (75 kg N ha-I ) , UrT7 - Urea @ 7.5 g N m-2 + 
DCD. These treatments are hereafter referred to as UrT 1 ,  UrT2, UrT3, UrT4, UrT5, 

UrT6, UrT7 and UrT8. 

Experiment 2 

In this experiment, eight urine treatments were used in triplicate. These include: 

T 1 - Control without DCD, T2 - Control with DCD (2.5  g m-2), T3 - Urine @ 1 4.4 g N 

m-2 ( 1 44 kg N ha- I ), T4 - Urine @ 14.4 g N m-2 + DCD, T5 - Urine @ 29 g N m-2 (290 

kg N ha-I ), T6 - Urine @ 29 g N m-2 + DCD, T7 - Urine @ 57 g N m-2 (570 kg N ha- I ), 

T7 - Urine @ 57 g N m-2 + DCD. These treatments are hereafter referred to as T 1 ,  T2, 

T3, T4, T5, T6, T7 and T8. 

DCD was dissolved ID water ( 1 9.08 mg in 1 0  ml of water) and app lied 

separately after the surface application of urea in Experiment 1 ,  whereas it was mixed in 

urine before application in Experiment 2. Emissions ofNH3 were monitored for 1 5  days 

in both the experiments and N20 for 35 and 50 days for Experiment 1 and 2, 

respectively. Selected cores in Experiment 2 were leached at the end of the experiment. 

5.2.1 .3 Setting up of cores for leaching 

At the end of gaseous measurements of Experiment 2,  selected cores (one from 

each chamber) from T5, T6, T7 and T8 treatments receiving urine-N @ 29 and 57 g N m-2 

were leached with 2 .5 pore volumes of deionized water. These treatments were selected as 

the rate of urine applied was close to the actual rate in pasture under a cow urine patch 

(600 kg N ha-I ). One core from each chamber was taken to get three replicates from three 
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5.2.3.3 Herbage analysis 

The herbage was cut at 2 cm height twice during the 50 day period (22 and 48 

days after treatment application), dried at 65°C for 24 hours and weighed. The 

cumulative dry matter (DM) yield was recorded for each chamber. The dried herbage 

was ground fmely and then digested and analysed as described in Section 4.2.4.3. The 

dry matter response and the recovery of added N through plant uptake were calculated 

using the following equations: 

DM 
[DM (urine / urea ± DCD)] - [DM ( control ± DCD)] 

response = -------------------
N added ( urine / urea) 

N 
[Herbage N(urine/ urea ± DCD)] - [HerbageN(control ± DCD)] 

re cov ery = 
N added(urine /urea) 

5.2.3.4 Leachate analysis 

(5.1) 

(5.2) 

Leachates collected from the soil cores were analysed for NH/ and N03-

concentrations by a Technicon auto-analyser (Blakemore et al. 1 987). The samples of 

leachate were diluted with de ionised water to obtain K+ and Ca +2 concentrations within 

1 - 1 0  mg rl (ppm) and Mg+2 concentrations within 0. 1 - 1  mg r l .  The concentration of 

K+ in these samples was determined by atomic emission in the presence of 0.2% 

caesium chloride. The Ca+2 and Mg+2 concentrations were determined by atomic 

absorption in the presence of 0.2% strontium nitrate. 

5.2.4 Statistical Methods 

An analysis of variance using SAS software (version 8) was performed on the 

results of total NH3 and N20 emitted, mineral N, total amount of cations (Ca+2, K+, 

Mg+2, NH/) leached, total N03· leached, and herbage DM yield and N uptake using the 

General Linear Model (GLM) procedure. Mean comparisons were done using Fishers 

Least Significant Difference (LSD) at 5% significance. The regression analysis 

between total amount of cations and N03 · leached was conducted using SAS software. 
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5.3 Results 

5.3.1  Experiment 1 

5.3.1 .1  Ammonia emissions 

The NH3 emissions in  all the treatments peaked within a day after urea 

application, both with and without DCD, and then generally tailed off, reaching the 

background levels by day 14  (Figure S . l ). Ammonia fluxes increased with increasing 

rate of urea application. Ammonia emission from the control (±DCD) was consistently 

low throughout the experiment ranging from 0.26 to 1 .70 and 0 .01  to 1 . 1 4 mg NH3-N 

m-2 d-I in soil cores with and without DCD, respectively. In the absence of any N input 

through urea application (i.e. control treatment) there was no significant difference in 

total NH3 emitted between the +DCD (S.76 mg NH3-N m-2) and -DCD ( 1 2. 1  mg NH3-N 

m-2) treatments. With addition of DCD to the higher rates of urea application (S.O and 

7 .S g N m-2), there was an increase in NH3 fluxes as compared to treatments without 

DCD application. The NH3 emission from UrT6 and UrT8 treatments (+DCD) showed 

higher peaks of 64.4 and 1 09 mg NH3-N m-2 d-I as compared to S4.7 and 9 1 .3 mg NH3-

N m-2 d-I in UrTS and UrT7 treatments (-DCD), respectively. Thus, cumulative fluxes 

over the measuring period were significantly higher in UrT6 ( 1 1 7  mg NH3-N m-2) and 

UrT8 (230 mg NH3-N m-2) as compared to UrTS (94.8 mg NH3-N m-2) and UrT7 ( 1 73 

mg NH3-N m-2), which corresponded to a 34.S% and 39.3% increase in NH3 emission, 

respectively (Table S . l ). However, this was not the case when urea was applied @ 2.S 

g N m-2 (UrT3). The NH3 emission rate was higher in UrT3 (- DCD) with a peak 

emission of 37.S mg NH3-N m-2 d-I as compared to UrT4 (+DCD) (27 .3 mg NH3-N m-2 

d-I ) treatment for the first three days, after which there was no significant difference in 

the emission rates. The cumulative NH3 emission was higher (S4.6 mg NH3-N m-2) in 

the UrT3 compared to the UrT4 (39. 1 mg NH3-N m-2) treatment. 
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Ammonia volatilisation losses from urea, with and without DCD, 

applied at different rates to Manawatu sandy loam soil. Each value 

represents a mean of three replicates with standard deviation shown 

by vertical bars 

Nitrous oxide emissions 

In the control treatments (with no N input), the N20-N flux ranged from 0.09 to 

2 .20 mg N20-N m·2 d' l and 0. 1 2  to 3 . 1 0  mg N20-N m'2 d'l in the presence and absence 

of DCD, respectively. No significant difference was observed in total N20-N emitted 

from the soil cores without DCD (20.3 mg N20-N m'2) as compared to cores with added 

DCD ( 1 6.2 mg N20-N m'2) in the control treatment. Similarly to NH3, N20 emission 

rate also increased with increasing level of urea application (Figure 5 .2). Rates ofN20 

emission from all the urea doses added without DCD were substantial and increased 

over time, showing peak emission at day 4 after which there was a progressive decline 

until day 1 6  (Figure 5.2). After day 1 6, the emissions became almost constant and were 

c lose to background emissions. A maximum N20 emission flux of 7.8, 2 1 .0 and 43 .0 

mg N20-N m'2 d'l was detected at day 4 in the UrT3, UrT5, UrT7 treatments, 

respectively. Addition of DCD along with urea to soil cores in the UrT4, UrT6, UrT8 

treatments showed no peak emissions of N20, and maintained N20 emission rates 

significantly lower than those in the corresponding -DCD treatments (UrT3, UrT5, 

UrT6) unti l  they reached background levels. Total loss of N as N20 over the 35 day 
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period was 46.5 , 1 1 6 and 1 83 mg N20-N m-2, amounting to 1 .04%, 1 .9 1 %  and 2. 1 6% of 

applied N in the UrT3, UrT5 and UrT7 treatments, respectively (Table 5 . 1 ) .  

Application of  DCD reduced N20 emission by 34%, 73% and 93% in the UrT4, UrT6 

and UrT8 treatments relative to the corresponding soil cores without DCD. The total 

loss ofN as N20 from DCD-treated cores in the UrT4, UrT6, UrT8 treatments was 33 .4, 

4 1 .6 and 27.2 mg N20-N m-2, respectively being equivalent to 0.69%, 0.5 1 %  and 

0. 1 5%, respectively of the urea N applied. 
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Figure 5.2 Nitrous oxide losses from urea, with and without DCD, applied at 

different rates to Manawatu sandy loam soil. Each value represents a 

mean of three replicates with standard deviation shown by vertical 

bars. 
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Table 5.1 Total N applied (g N m-2) and total N emitted as NH3-N and N20-N 

(mg m-2 soil) over the experimental period from soil cores receiving 

varying urea rates with and without nCD 

Treatments N added DCn added NH3-N % of added N2O-N % of added 
(g N m-2) (g DCD m-2) (mg N m-2) N emitted (mg N m-2) N emitted 

as NH3 as N20 
UrT 1 1 2 . 1  g 20.3 cd 

UrT2 2 .5 5 .76 g 1 6.2 d 

UrT3 2 .5  54.6 e 1 .69 46.5 c 1 .05 

UrT4 2 .5  2 .5  39. 1 f 1 . 33 33 .4 cd 0.69 

UrT5 5.0 94. 8  d 1 .65 1 1 6 b 1 .9 1  

UrT6 5 .0 2 .5  1 1 7 c  2 .22 4 1 .6 cd 0.5 1 

UrT7 7 .5  1 73 h* 2 . 1 4  1 83 a 2 . 1 6  

UrT8 7.5 2 .5 230 a 3 .07 27.2 cd 0. 1 5  

L.S.D. 20.6 29.3 
(0.05%) 
* Values followed by the same letter in a given column do not differ significantly at the 0.05 level 

5.3.1 .3 Mineral nitrogen 

At the end of the experiment, NH/-N levels in the control treatments (±OCO) 

were higher than N03'-N levels at both 0-50 and 50- 1 00 mm depths (Figure 5 .3). In 

treatments where urea was added, both with and without DCO, mineral-N was mainly 

present in the N03- form. Application of urea (±DCD) significantly increased both 

NH4 + and N03 --N in soil cores as compared to control treatments at both the depths. 

Addition of DCD was able to maintain higher NH/-N concentrations in the soil cores 

compared to the ones without DCD. With the addition of DCD to the control treatment, 

the NH/-N concentration increased from 4.54 to 6.6 1  mg NH/-N kg- I at 0-50 mm 

depth and from 5 .38 to 6.7 1  NH/-N kg-I at 50- 1 00 mm, although the increases were 

not significant (Figure 5 .3a) .  In the soil cores receiving urea without DCD (i.e . ,  UrT5 

and UrT7), NH/-N concentration at the end of the experiment was, respectively, 1 0.9 

and 7.48 mg NH/-N kg- I soil in the 0-50 mm layer and 5.46 and 6. 1 0  mg NH/-N kg-I 

soil in the 50- 1 00 mm layer. DCD seemed to be effective until day 35 as the NH/-N 

concentration in UrT6 and UrT8 significantly increased, respectively, to 26.6 and 36.2 

mg NH/-N kg- I soil at the 0-50 mm depth and 6 .7 1  and 6.78 mg NH/-N kg-I soil at 
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50- 1 00 mm depth (Figure 5.3a). The increase in NH/-N with the addition of DCD was 

more apparent at 0-50 mm depth, as the amount of NH/-N was then 3 to 1 0  times 

greater as compared to 1 . 12  to 1 .24 times greater at 50- 1 00 mm depth. However, the 

trend was opposite at the lowest level of urea N addition (2. 5  g N m·2). In this N 

treatment, NH4 +-N content at both depths was significantly higher in the absence (UrT3) 

than the presence (UrT4) of DCD. In UrT3 and UrT4 treatments, NH/-N 

concentrations were, respectively, 9.09 and 6.90 mg N& +-N kg'! soi l  at 0-50 mm depth, 

and 6 . 10  and 5. 1 5  mg NH/-N kg-! at 50- 1 00 mm depth (Figure 5 .3a). 

The concentration of N03 --N in soil cores with DCD was significantly lower at 

both 0-50 and 50- 1 00 mm depths than in the soil cores without DCD, except in the 

control treatment where no significant difference in N03--N concentration was found 

(Figure 5 .3b). The N03--N was 25.0, 50.0 and 66.4 mg N03--N kg-! soil at 0-50 mm 

depth and 1 9.3, 24.3 and 38.8 mg N03--N kg-! soil at 50- 1 00 mm depth for UrT3, UrT5 

and UrT7 treatments, respectively. With the addition of  DCD, the N03--N 

concentration reduced to, respectively, 1 5 .3 ,  32 .8 and 39.0 at 0-50 mm and 1 4.0, 1 7.9 

and 2 1 . 8  at 50- 1 00 mm for UrT4, UrT6 and UrT8 (Figure 5 .3b). The total N03--N 

reduction with the addition of DCD in treatments receiving urea-N ranged from 38 to 

47% at 0-50 mm depth and 32 to 48% at 50- 1 00 mm depth. 



Chapter 5 10 1  

(a) 

45 

40 0 0-50 m m  

- 35 
� 50-1 00 mm 

·0 
III 30 -
0 

"="0) 25 
� 
C) 20 
.§. 
z 1 5  . 

� 1 0  
z 

5 

0 
UrT1 UrT2 UrT3 UrT4 UrT5 UrT6 UrT7 UrT8 

(b) 

80 
D O-50 mm 

70 t2l 50-1 00 m m  
- 60 
·0 
III 50 

"="0) 
� 
0) 40 
E -

z 30 
• 

Cs 20 z 

1 0  

0 
UrT1 UrT2 UrT3 UrT4 UrT5 UrT6 UrT7 UrT8 

Figure 5.3 Distribution of (a) NH/ and (b) N03- concentrations in soil cores at 

0-50 mm and 50- 1 00 mm depths receiving urea, with and without 

DeD, at varying rates . Each bar value represents a mean of nine 

replicates with standard deviation shown by vertical bars. 
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5.3.1 .4 Dry matter yield and N uptake 
The effect of urea addition at different rates was evident in both total DM as 

well as dry matter response (DMR) to the added N. The application of increasing urea 

@ 2.5,  5 .0 and 7.5 g N m-
2 

caused an increase in DM as compared to the control. The 

yield response was 4.6, 8 .7 and 14.3 g DM g-! N added in the UrT3, UrT5and UrT7 

treatments respectively (Table 5 .2). The highest herbage accumulation of 292 g m-2 

was obtained in UrT7 (7.5 g N m-2), followed by 228 g m-
2 

in UrT5 (5 .0  g N m-2) and 

then by 1 96 g m-2 in the UrT3 (2.5 g N m-
2
) treatment . Except in the UrT6 treatment, 

the application of DCD increased herbage yields in the other two urea treatments, as 

compared to the respective non-DCD treatments, though these increases were not 

significant. No particular trend was observed in DMR with the addition of DCD. Dry 

matter response in the 2 .5  g N m-
2 

treatment increased from 4.6 g DM g-! N (UrT3) to 

14.3 g DM g-! N (UrT4) with the addition of  DCD, but in the 5 .0 g N m-2 treatment it 

decreased from 8.7  g DM g-! N (UrT5) to 7.5 g DM g-! N (UrT6). The rate of urea 

applied also had a significant effect on the percentage of N recovered in the herbage. 

N itrogen recovered through plant uptake increased with the increasing rate of urea 

app lication. The addition of DCD increased N recovered from 1 5  to 4 1  %, 1 9  to 3 1  % 

and 44 to 57% in UrT4, UrT6 and UrT8 respectively. 

Table 5.2 Total DM yield, percent of added N in DM and DM response to the 

N added as urea to the soil cores 

Treatment N added DCD added Total DM N in Added N DM response 
(g m-2) (g DCD m- (g m-2) DM (%) recovered (g DM g-' N) 

2} (%) 
UrT l 1 84 bc 2.98 

UrT2 2.5 1 8 1  c 2.94 

UrT3 2.5  1 96 bc 2.98 14.4 4.59 

UrT4 2 .5  2 .5  2 1 7  bc 3 .06 4 1 .2 1 4.3 

UrT5 5 .0 228 b 3 .07 1 8 . 5  8.73 

UrT6 5 .0 2 .5  2 1 9  bc 3 .22 30.5 7.52 

UrT7 7 .5  292 a 3 . 0 1  44.0 1 4.3  

UrT8 7 .5  2 .5  293 a* 3. 27 56.8 1 4.9 

L. S .D. 46.4 
{0.05%) 
*Values fol lowed by the same letter in a given column do not differ significantly at the 0.05 level. 
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5.3.1 .5 N recovery 

The total N recovered for all the treatments varied from 87. 1 % to 1 20% (Table 

5 .3) .  For all the urea treatments without DCD (UrT3, UrTS and UrT7), 70-84% of the 

recovered N remained as N03·-N, whereas when DCD was applied along with urea 

(UrT4, UrT6 and UrT8), the percent of recovered N as N03--N reduced to 42-68% 

(Figure 5 .4). In contrast, the percentage of recovered N as N� + -N increased from 3-

6% to 22%, exception for the UrT4 treatment where the percentage of recovered N as 

N�+-N decreased from 1 2% to 5% with the addition of DCD. A similar trend was 

observed in the percentage of recovered N lost as NH3. The percent ofN recovered lost 

as NH3 was highest in the DCD treated cores (UrT6 and UrT8), but in the UrT4 cores 

the % of N recovered as NH3 showed a slight decrease from 1 .44% in the UrT3 cores 

without DCD to 1 .32%. In contrast, the percent of recovered N lost as N20 decreased 

with the addition of DCD in all the treatments. Dicyandiamide addition to the urea 

treatments i .e., UrT4, UrT6 and UrT8 decreased the percent of recovered N lost as N20 

from 0.83 (UrT3) to 0.72%, 1 .79% (UrTS) to 0.48% and 2 . 1 6  (UrT7) to 0. 1 6%, 

respectively (Figure 5 .4). The application of DCD to urea increased the percent of 

recovered N in herbage in all the applied urea rates (Figure 5 .4). 
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Table 5.3 The amount of N (mg kg-I soil) as NH4 + and N03- in the soil, N lost as 

NH3 and N20 and plant N measured following the application of 

varying rates of urea with and without DCD to intact soil cores 

Treatment NH4+-N N03--N NH3-N N2O-N Herbage Total N N % 
uptake recovered added recovery 

UrT l 4.98 1 .24 0. 1 1  0. 1 8  47.9 54.4 

UrT2 5.64 2.47 0.05 0. 1 5  48. 1 56.4 

UrT3 7.94 22. 1 0.46 0.39 48.4 79.3 20.7 1 20 

UrT4 6.49 1 4.7 0.29 0.28 52.7 74.5 20.7 87. 1 

UrT5 7.85 35 .7  0.86 1 .05 58.0 1 03 46.6 1 05 

UrT6 1 5 . 8  24. 7 1 .05 0.37 6 1 .7 1 04 46.6 1 0 1  

UrT7 6.75 5 1 .2  1 . 54 1 .63 60.7 1 2 1  69.0 97.8 

UrT8 1 9.5 29.2 2 . 1 2  0.25 69.5  1 2 1  69.0 93.0 

5.3.2 Experiment 2 

5.3.2 .1  Ammonia emission 

The NH3 emissions increased with the increasing rates of urine application to the 

soil cores both with and without DCD, and were greater than in the control treatment 

(T 1 )  (Figure 5.5). The NH3 emission from the control treatment ranged from 0.08 to 

2.25 mg NH3-N m-2 d-I • No significant difference was found in the N H3 emissions with 

the addition of DCD to the control treatment (0. 1 0  to 1 .60 mg NH3-N m-2 d-I ) .  Peak 

emissions in all the urine treatments with or without DCD were observed within 24 

hours of application and were followed by a sharp decline. Emissions reached the 

background level in 1 4  days after commencing measurements. The highest emission 

peak (798 mg NH3-N m-2 d-I ) was from the cores receiving the highest level of urine 

application (T7). Addition of DCD to this urine treatment (T8) resulted in a small 

reduction in the peak (698 mg NH3-N m-2 d-I ), and the emission rate remained lower 

than in T7 treatment until day 3 after application. Similar differences in NH3 e missions 

were observed between treatments T5 (223 mg NH3-N m-2 d-I ) and T6 ( 1 73mg NH3-N 
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m-2 d-I ), but not between T3 (56.6 mg NH3-N m-2 d-I ) and T4 (56.3mg NH3-N m-2 d-I ) 

treatments. However, after 3 days there was an increase in NH3 emissions in all the 

treatments receiving DCD (T4, T6 and T8), compared to the urine alone treatments. 

This difference in NH3 emissions remained until day 1 4  when emissions in all the 

treatments reached the background level. The total amount of NH3 emitted was higher 

in all DCD treatments (T4, T6 and T8) compared to the treatments without DCD (T3, 

T4 and T7), but the difference was not significant (P > 0.05) (Table 5 .4). 
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Figure 5.5 Ammonia volatilisation losses from urine applied with and without 

DCD at different rates to Manawatu sandy loam. Each value 

represents a mean of three replicates with standard deviation shown 

by vertical bars. 

5.3.2.2 Nitrous oxide emission 

Application of urine to soil cores with and without DCD increased N20 

emissions as compared to the control. The N20 emissions from the control ranged from 

0.07 to 2.30 mg N20-N m-2 d- I and 0.07 to 0.66 mg N20-N m-2 d- I with and without 

DCD, respectively. There was no significant difference in the total N20-N emitted in 

the control with (0.02 g N m-2) and without (0.0 I g N m-2) DCD. The treatments 

without DCD ie. ,  T3, T5 and T7 showed peaks of 57.5 ,  1 35 and 1 96 mg N20-N m-2 d-I , 

respectively within 24 hours of application (Figure 5 .6). Addition of DCD with urine 

(T4, T6 and T8), significantly reduced N20 emission peaks (47, 98 and 1 74 mg N20-N 
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m-2 d-l , respectively) and emissions remained lower throughout the measurement period 

than the corresponding urine treatments without DCD. Emissions reached the 

background level by day 50, except in the T7 treatment which still maintained higher 

emissions than the background emissions. Total N20 emissions over the entire 50 day 

measurement period were reduced by 45%, 62% and 8 1 %  in the T4, T6 and T8 

treatments, respectively, with the addition of DCD (Table 5 .4). 
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Table 5.4 Total N applied and N emitted as NH3 and N20 (g N kg-I soil) over 

the experimental period (50 days) from soil cores receiving varying 

urine rates with and without Den 
Treatments N added NH3-N % of added NzO-N % of added 

(g N m-z) (g N m-z) N emitted (g N m-z) N emitted 
as NH3 as NzO 

T 1  0.0 1 c 0.0 1  f 

T2 0.0 1 c 0.02 f 

T3 1 4.4 0. 1 5  c 0.95 0. 1 2  d 0.74 

T4 1 4.4 0. 1 7  c 1 . 1 4 0.08 e 0.45 

T5 29.0 0.64 b 2 . 1 5  0.33 c 1 .09 

T6 29.0 0.67 b 2 .27 0. 1 4  d 0.45 

T7 57.0 2.43 a* 4 .24 2.05 a 3 .57 

T8 57.0 2.5 1 a 4.38 0.40 b 0.67 

L.S.D.(0.05%) 0. 1 8  0.04 

*Values followed by the same letter in a given column do not differ significantly at the 0.05 level. 

5.3.2.3 Mineral nitrogen 

At the end of the experiment, between 75 to 93% of the applied N was still 

present in soil in all the treatments receiving urine with and without DCD. This N in 

the T3, T5 and T7 treatments receiving urine alone was mainly in the form of N03- -N 

(Figure 5 .7). In the T4, T6 and T8 treatments receiving urine with DCD, mineral N 

was, in contrast, mainly present as NH/-N. The addition of DCD increased the amount 

of NH/-N significantly at both 0-50 and 50- 1 00 mm depths (Figure 5 .7  a), and the 

percent increase was greater at 50- 1 00 mm depth. This indicates that either the applied 

urine N moved down the soil and was subsequently hydrolysed to NH/ ions and/or that 

NH/ ions moved down the soil and resulted in increased NH/-N leaching with DCD 

application. These fmdings were supported by the concentrations of NH/ -N in the 

leachate collected from the selective cores (Figure 5.9 a). In the T4 treatment, the 

NH/-N concentrations both at 0-50 mm (8 1 .2 mg N kg- t soil) and 50- 1 00 mm (78.2 mg 

N kg-t soil) depths were significantly higher than in the T3 ( 1 2 .5  and 6. 1 9  mg N kg-t 

soil) treatment at the respective depths. Similarly, in the T6 and T8 treatments, NH/-N 

at both depths was significantly higher than in the T5 and T7 treatments (Figure 5 .7  a). 
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The NH/-N concentration increased from, respectively, 3 1 . 1  and 1 1 .9 (T5) to 1 69 and 

133 mg N kg-! soil (T6) at 0-50 mm and 50- 1 00 mm depths. In the T8 treatment this 

increase was from 1 44 and 1 05 mg N kg-! soil (T7) to 386 and 385 mg N kg-! soil, 

respectively, at 0-50 and 50- 100 mm. However, there was no significant difference in 

NH/-N concentration at either depth between the T l  and T2 treatments. 

The addition of DCD decreased the amount of N03 --N at both 0-50 and 50- 100 

mm depths at all the rates of urine applied. In the T4 treatment with added DCD, the 

amount of N03- -N decreased from 1 6 1  (T3) to SS.O mg N kg-! soil and from 9 1 .4 (T3) 

to 3 1 .S mg N kg-! soil at O-SO mm and SO- l OO mm depths, respectively. Similarly, in 

the T6 treatment, application of urine with DCD decreased the N03 - -N concentration 

from 300 and 1 20 mg N kg-! soil (TS - urine only) to 69.2 and 44.4 mg N kg-! at 0-50 

and 50- 1 00 mm, respectively. The decrease was from 4 1 8  (T7) to 98.4 mg N kg- ! soil 

(T8) and from 2 1 3  (T7) to 69.6 mg N kg-! soil (T8) at O-SO mm and 50- 1 00 mm depths, 

respectively, in soil cores receiving urine @ 57 mg N kg-! soil (Figure 5 .7 b) . 
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Distribution of (a) NH/ and (b) N03- concentration in soil cores at 0-

50 mm and 50- 1 00 mm depths receiving urine, with and without 

DCD, at varying rates. Each bar value represents a mean of six 

replicates with standard deviation shown by vertical bars. 
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5.3.2.4 Dry matter yield and N uptake 

Urine application at different rates with and without DCD significantly 

increased pasture dry matter (DM) yield over the control (Table 5 .5) .  However, at the 

highest rate of urine application (T7), DM yield was lower (224 g m·2) than at T5 (268 g 

m-2) .  The addition of DCD affected both D M  yield and dry matter response (DMR, g 

DM g-! N). With DCD addition, the DM yield decreased in the T4 and T6 treatments 

when compared to the T3 and T5 treatments (Table 5 .5); however, this decrease was not 

significant for T4. The highest DMR was noticed in T3 (4.63 g DM g- ! N) followed by 

the T5 treatment (4.03 g DM g-! N) and was lowest ( 1 .27 g DM g-! N) in the T7 

treatment. Dry matter response was similarly reduced in T4 (2.74 g DM g- ! N) and T6 

(2.80 g DM g-! N) treatments with DCD addition, as compared to T3 (4.63 g DM g- ! N) 

and T5 (4.03 g DM g-! N) treatments, respectively. However, the trend was opposite in 

the T8 treatment where DMR was higher ( 1 .44 g DM g-! N) with DCD as compared to 

the T7 treatment ( 1 .27 g DM g- ! N). 

The rate of urine applied had a significant negative effect on the percent of N 

recovered in the herbage (Table 5 .5). The soil cores receiving the T3 treatment had the 

highest recovery of 2 1 .5% of applied N in the DM followed by the T5 ( 1 6.4%) and T7 

(5%) treatments. The addition of DCD reduced the percent of added N recovered in the 

herbage as compared to their counterparts, except in T8 and T7; this may be attributed 

to the slight increase in yield with DCD addition. However, the trend in percent of N 

recovered was similar to herbage yield, with the T4 ( 1 5 .6%) being maximum, followed 

by the T6 ( 1 2.6%) and T8 (5 .5%) treatments. 
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Table 5.5 Total DM yield, percent of added N in DM and DM response to the 

N added as urine to the soil cores 

Treatment N Total DM N in N Added N DM 
added (g m-2) DM uptake recovered response 
(g m-2) (%) (g m-2) (%) (g DM g-t N) 

T l  (Control) 1 5 1 .4 c* 2 .86 4.33 

T2 143 .4 c 2 .89 4. 14 

T3 1 4.4 2 1 8 . 1  b 3 .40 7 .42 2 1 .5 4.63 

T4 1 4.4 1 82 .9 bc 3 .49 6.38 1 5 .6 2 .74 

T5 29.0 268.4 a 3 .40 9 . 1 3  1 6.4 4.03 

T6 29.0 224.7 b 3 .48 7 .82 1 2.6 2 .80 

T7 57.0 224. 1 b 3 .22 7 .22 5 .0 1 .27 

T8 57.0 225 .4 ab 3 .23 7.28 5 .5  1 .44 

L.S.D. 43 .48 
(0.05%) 
*Values followed by the same letter in a given column do not differ significantly at the 0.05 level. 

5.3 .2.5 N recovery 

The amount of N that was lost from the soi l  cores during the treatments as N H3 

and N20 emissions and herbage uptake, and that remained in the soil as NH4 + and N03-

at the end of the experiment, are shown in Table 5.6.  Figure 5 .8  shows these data 

depicted as a percentage of the amount of N applied. The total N recovered for all the 

treatments varied from 89 to 1 1 7% (Table 5 .6). For all the urine treatments without 

DCD (T3, T5 and T7), 54-87% of the applied N remained as N03- -N in the soil as 

compared to 1 4  to 30% in the treatments receiving DCD (T4, T6 and T8). The trend 

was opposite for NH/-N, with 5 .5 to 22% of the applied N found as NH/-N in the T3, 

T5 and T7 treatments not receiving DCD as compared to 56 to 70% in the T4, T6 and 

T8 treatments receiving DCD. The percent of applied N lost as NH3 increased from 

0.94 to 4 .23% with increasing doses of  urine. A similar trend was observed in the urine 

treatments receiving DCD (T4, T6 and T8), where the percent of applied N lost as N H3 

increased from 1 . 1 3 to 4.39%. The percent of applied N lost as NH3 was slightly higher 

in treatments receiving DCD as compared to treatments without DCD. In contrast, the 

percent of N lost as N20 was lower in the treatments receiving DCD i.e. , T4 (0.45%), 

T6 (0.45%) and T8 (0.68%) as compared to the T3 (0.74%), T5 ( 1 . 1 1%) and T7 
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(3 .S7%) treatments without DCD. The percent of applied N taken up by herbage from 

the urine treatments T3 (22%) and T5 ( 1 7%) was higher than in the treatments T4 

( 1 5.3%) and T6 ( 1 3%) treatments receiving DCD. However, at the highest rate of urine 

(57 g N m-2) there was no significant difference in the percent of applied N taken up by 

herbage between -DCD (T7) (S . l  %) and +DCD (T8) (S. S%) treatments. 
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The percent of applied N lost as NH3 and N20, plant uptake and 
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at the end of the experiment. 

The amount of N (mg kg-I soil) as NH/ and N03- in the soil, N lost as 

NH3 and N20 and plant N measured in intact soil cores receiving 

varying rates of urine±DCD, at the end of the experiment 

NH/-N N03--N NH3-N N2O-N Herbage N added 0/0 
u(!take Recovery 

2 .00 4.48 0. 1 3 5 0. 1 1 4 40.70 

3 .59 4.0 1 0. 1 09 0. 1 44 39.8 1 

9.53 1 25 l .43 1 . 1 3 70.7 1 3 7 1 1 7 

83.2 44.6 l . 66 0. 764 60. 8  1 3 7 1 04 

20.3 1 98 6.04 3 . 1 1  85.6 269 98.5 

1 52 5 5 .4 6. 1 5  l .32 75.6 269 90.4 

1 24 3 0 1  23.4 1 9. 7  6 8 . 7  549 89 

386 82.6 24. 2  3 . 86 70.2 549 95 
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5.3 .2.6 Nitrogen leaching 

Ammonium leaching 

The changes in mean NH/-N concentration measured in the leachate samples 

with cumulative drainage volume from each core are depicted in Figure 5 .9 (a) .  The 

peak concentration in each breakthrough curve emerged almost immediately as the 

leaching started. The peak NH/-N concentration in the drainage was found to be l S .7 

and 34.5 mg N rl for the TS and T7 (without DCD) treatments, respectively. These 

peaks increased to 29.3 and 68.3 mg N rl with the addition of DCD in the T6 and T8 

treatments, respectively. The total amount of N� + -N leached in the cores receiving 

urine significantly increased from 0.72 (T5) to 2.55 g N m-2 (T6) and from 2.68 (T7) to 

S .84 g N m-2 (T8) with the addition of DCD, resulting in 2- to 3.5 - fold increases in 

NH/-N leached (Table 5.7 ) .  

Nitrate leaching 

The N leached was predominantly in the N03- form, comprising 89 to 95% in 

the T5 and T7 (without DCD) treatments and 56 to 68% in the T6 and T8 (with DCD) 

treatments. The N03--N leaching breakthrough curves are presented in Figure 5 .9 (b). 

The peak N03- concentration in the leachate from the TS and T7 treatments reached 20 1 

mg N rl and 290 mg N rI , respectively (Figure 5 .9 b). However, the peak N03-

concentration in the leachate from the T6 and T8 treatments receiving DCD was 

significantly reduced (P< 0.05) to 68 and 1 1 8 mg N r I , respectively. The total N03 --N 

leaching losses from the TS and T7 treatments were 1 3 .8 and 2 1 .7 g N m-2, respectively 

and significantly higher than the 5 .48 (T6) and 7 .6 1  g N m-2 (TS) with DCD application 

(Table 5 .7). Addition of DCD resulted in a 60% to 6S% reduction in apparent N03-

leaching losses from the soil cores. 

Figure 5 . 1 0  shows the cumulative amounts of both NH/ and N03--N in the 

leachate samples of all the cores. These results clearly show that N03--N constituted the 

major part, and that N�+-N represented only a small proportion, of the total amount of 

N leached. Thus, although the addition of DCD to the urine application resulted in an 

increase in the amount of N� + -N leached, there was still a significant reduction in the 
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total N leached from 14.5 (T5) to 8.03 g N m-2 (T6) and 24.4 (T7) to 1 3 .4 g N m-
2 

(T8) 

(Figure 5 . 1 1 ) , resulting in about a 45 % reduction in total N leached. 
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Concentrations of (a), N� +-N and (b), N03--N in the drainage water 

from soil cores receiving urine @ 29 g N m-2 and 57 g N m-2 with and 

without DeD. Each value represents a mean of three replicates with 

standard deviation shown by vertical bars. 
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Figure 5. 10  Total leaching losses of  N in the leachate from soil cores receiving 

urine @ 29 g N m-2 and 57 g N m-2, with and without DeD. 

5.3.2.7 Cation leaching 

Potassium leaching 

In treatments T5 (29 g N m-2) and T7 (57 g N m'2) receiving urine alone without 

DCD, the K+ concentration in the leachate reached a peak of 1 00 and 228 mg K+ r l  
respectively (Figure 5 . 1 1  a). When DCD was applied along with urine in the T6 and T8 

treatments, the peak K+ concentration was significantly reduced (P<O.05) to below 65 

and 1 24 mg K+ r I , respectively. The total K+ lost from the T5 and T7 treatments were 

9.55 and 1 8 .7 g K+ m-2, respectively as compared to the T6 (5 .53 g K+ m'2) and T8 ( 1 1 .9 

mg K+ m'2) treatments, respectively; thus, the addition of  DCD decreased K+ leaching 

by 36-42% (Table 5 .7). 

Magnesium leaching 

The concentration of Mg+2 in the leachate from all the treatments was 

significantly lower than the K+ and Ca+2 concentrations, The Mg+2 concentration was 

higher in the leachate from the soil cores receiving the high dose of urine (57 g N m'2 ; 

T7), with a peak value of 54.7 mg Mg+2 r I , than in the leachate of cores receiving the 

lower amount of urine (29 g N m'2; T5) with a peak value of 36,7 mg Mg+2 r l (Figure 

5 , 1 1  b). When DCD was applied, the peak Mg+2 concentration was significantly 
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(P<0.05) reduced to around 23 .3 and 22.7 mg Mg+2 rl in the T6 and T8 treatments, 

respectively. The amounts of Mg+2 leached from the T5 and T7 treatments were 2.63 

and 3 .93 g Mg+2 m-2, respectively. Where DCD was applied, the amount of Mg+2 

leached was decreased significantly (P<0.05) to 1 .75 and 1 .95 g Mg+2 m-2 (Table 5 .7) in 

the T6 and T8 treatments, respectively, causing a 33% and 50% reduction, respectively. 

No significant difference was found in the amount of Mg +2 leached in the T6 and T8 

treatments. 

Calcium leaching 

The concentration of Ca+2 in the leachate from the urine treatments was also 

reduced by the application of DCD. The peak Ca+2 concentrations obtained 

immediately after leaching started decreased from 1 93 mg Ca+2 rl and 290 mg Ca+2 rl 
in the T5 and T7 treatments, respectively, to 63.0 and 8 1 .3 mg Ca+2 rl with the addition 

of DCD in the T6 and T8 treatments, respectively (Figure 5. 1 1  c). The total amount of 

Ca+2 leached decreased from 14.5 and 20.8 g Ca+2 m-2 in the T5 and T7 treatments to 

4.05 and 5 .87 g Ca+2 m-2 in the T6 and T8 treatments, respectively, with added DCD 

(Table 5 .7). The reduction in Ca leaching with DCD application was equivalent to 72% 

at both rates of urine application. 

Table 5.7 Total leaching losses of K+, Mg+2, Ca+2, NH/-N and N03--N in the 

cumulative drainage of 132 mm from the soil cores receiving urine at 

varying rates, with and without DCD. 

Potassium Magnesium Calcium Ammonium Nitrate 
Treatments leached leached leached leached leached 

(g K+ m-2) (g Mg+2m-2) (g Ca+2 m-2) (g N m-2) (g N m-2) 
T5 9.55 2.63 1 4.5 0.72 1 3 .8 

T6 5 .53 1 .75 4.05 2 .55 5 .48 

T7 1 8 .9 3 .92 20.8 2.68 2 1 .7 

T8 1 1 .9 1 .95 5 .87 5 .84 7.6 1  

LSD (0.05%) 2.07 0.99 1 .75 1 .23 1 .98 
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Relationship between the NOl- and cations leached 

The total amount of cations leached was plotted against the total nitrate leached 

for all the treatments (Figure 5 . 1 2). The concentration ofN03- and the four cations (K+, 

Mg+2, Ca+2 and NH/) in the leachate were converted to the same unit of mole m-2 to 

compare the charge balance. The results indicated that 4-70% of the cationic charge in 

the leachate was balanced by N03 - charge. The following highly significant 

(Pr=O.OOO I )  linear relationship was found between the total N03- leached and sum of 

the cations and total N03 - leached (r2 = 0_876) 

Y = 0.9983 X + 38.468 

Where Y = total cationic charge (mole m-2) and X = nitrate charge (mole m-2) .  

The slope (0.998) indicated that the change in the concentration of total basic cations 

was balanced by the change in the concentration of nitrate in the leachate. However the 

high intercept value indicated that that there was a significant contribution by other 

anions such as er to cation leaching. 
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Figure 5.12 The relationship between the concentration of N03- and cations 

(Ca+2, Mg+2, K+ and NH/) and N03- in the leach ate from the soil 

cores. 
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5.4 General Discussion 

Addition of DCD resulted in: ( 1 )  a significant Increase In soil NH/-N 

concentration in both the urea and urine applications resulting in a 35-39% increase in 

total NH3 losses from urea and a marginal increase from urine; (2) inhibition of both 

accumulation of N03--N and emission of N20 throughout the experimental period from 

both the urea and urine applications; (3) a 60-65% decrease in N03 - leaching and also a 

significant reduction in cation leaching from the urine application; (4) a 2 - to 3.5-fold 

increase in NIL. + -N leaching; and (5) a slight positive effect on herbage yield and N 

uptake in the urea application but no significant effect on yield with the urine 

application. In this section, these results are discussed in detail in relation to those 

obtained in other studies and possible reasons are given for these observations. 

In our study, there was a significant increase in the total amount of NH3 emitted 

with the addition of DCD to the urea treatments (UrT6 and UrT8) (Table 5 . 1) ,  but this 

increase was not significant in the urine treatments (Table 5 .4). The finding of a 

significant DCD-related increase in NH3 emitted from urea application is in accordance 

with the extensive studies of Rodgers ( 1 983), Rao & Puttanna ( 1 987), Davies & 

Williams ( 1 995) and Puttanna et al. (200 1 ). In Rodgers ( 1 983) study, DCD applied in 

conjunction with urea was found to increase NH3 volatilisation by between 20-68%, 

whilst, in the Rao & Puttanna ( 1 987) study, it not only increased the total amount of 

NH3 lost, but also greatly extended the period over which volatilisation occurred. DCD 

inhibits or delays the process of nitrification of NH/ to N03--N, thus increasing the 

concentration of NH/-N in the soil. In the urine application, despite increasing NH/ 

concentrations in the soil cores (Figure 5 .7  a), NH3 volatilisation did not increase 

significantly because urine rapidly permeated into the soil after application and the urea­

N in urine was distributed down the soil depth; this resulted in retention of NH/-N 

produced by hydrolysis of this urea. In Experiment 1 ,  in contrast, urea was applied to 

the surface of the soil cores and provided a greater opportunity for the hydrolysed NH/ 

to escape as NH3. These results are consistent with the studies of Rao & Putanna ( 1987), 

Putanna et al. , (200 1 )  and Rodgers ( 1 983) which showed that the NH3 volatilisation 

losses from DCD-treated urea could be substantial ly reduced by its deep placement. Di 

& Cameron (2004c) also found no significant difference in the total amount of NH3 

emitted from cow urine with and without the application of DCD. 
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In the urea treatments (UrT6 and UrTS), the percentage increase in NH3 

emissions with addition of DCD increased with increasing urea dose. However, in the 

control and UrT3 treatment (with 2 .5  g added urea N m-2), DCD reduced NH3 

vo latilisation; this might be due to greater NHt + uptake by herbage. In experiment 2 ,  

the volumes of urine added were 17, 34 and 67 ml for the 1 4.4 g N m-2 (T3 and T4), 29 

g N m-2 (T5 and T6) and 57 g N m-2 (T7 and T8) treatments, respectively. The larger 

volume of urine in the T7 and T8 treatments would have allowed more even distribution 

and movement of urine N to a greater depth than in the other treatments. Thus, the 

addition of DCD caused a lower increase in NH3 volatilisation in the T8 (3%) than in 

the T6 (5%) and T4 ( 1 5%) treatments as NHt+ produced would be furthest away from 

the soil surface in the T8 treatment. 

Nitrous oxide emissions for the whole period ranged from 1 .05 to 2. 1 6% (Table 

5 . 1 )  and 0.45 to 3 .57% (Table 5.4) at various levels of urea and urine applications, 

respectively. Oenema et at. ( 1 997) estimated that between 0. 1 and 3 .8% ofurine-N from 

urine spots in grazed pastures was emitted to the atmosphere as N20. In the present 

experiment, the soil cores with urea showed a lag period of 4 days for N20 emission, 

which was possibly due to the time required for the hydrolysis of urea. On the other 

hand, peak N20 emissions were observed in all the urine treatments, both with and 

without DCD, within 24 hours of application of treatments. This stimulatory effect can 

be attributed to the increased N availability, increased soil water-filled pore space 

(WFPS) and supply of easily available C (i.e., solubilisation of soil carbon due to an 

increase in pH after urine or urea application; Williams et al. ( 1 999)). The WFPS of the 

soil cores increased from 60% (at field capacity) to 64%, 68% and 78% with the 

addition of 1 7  ml ( 1 4  g N m-2), 34 ml (29 g N m-2) and 67 ml (57 g N m-2) urine 

respectively. It has often been noticed that N20 emission increases with increasing 

WFPS, with an exponential increase above 60% WFPS (Anger et al. 2003). These 

WFPS values are within the range of values previously reported to favour N20 

production by both nitrifiers and denitrifiers (Linn & Doran 1 984). The percentage of 

added N emitted as N20 increased with the increasing volume of urine N applied. Van 

Groenigen et al. (2005), in an incubation study, also observed that increasing volumes 

of added urine with a constant concentration of urine-N resulted in a significant increase 

in N20 emissions. 
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Nitrous oxide can be produced either by nitrification (Bremner et al. 1 980) or by 

denitrification (Firestone & Davidson 1 989). It is possible that nitrification and 

denitrification can occur simultaneously in adjacent soil pores of different aerobicity 

and have a combined impact on the release of N20 (Jarvis et al. 1 994). Dicyandiamide 

restricts conversion of NH/ to N03-, thus inhibit ing production ofN20 via nitrification 

and limiting the substrate (N03-) for N20 emission through denitrification. The use of 

DCD with urea and urine proved to be an effective way of reducing N20 emissions. 

Application of DCD reduced N20 emissions by 34 to 93% and 45 to 8 1  % from the urea 

(Table 5 . 1 )  and urine (Table 5 .4) treatments, respectively. DCD reduced N20 emission 

by 40% in a dry sandy loam grassland soil from ammonium sulphate application (Skiba 

et al. 1 993), and 58-78% when mixed with urea from barley fields (McTaggart et aI., 

1 997). Similarly, Di & Cameron (2003) showed that N20 flux can be reduced by 76% 

for autumn urine and 78% for spring urine application. 

At the end of the experiment, the concentration of N03--N was higher at both 0-

50 and 50- 1 00 mm depths in soil cores receiving urea or urine without DCD compared 

to cores with DCD (Figure 5 .3  b and 5 .7  b). The high concentration of N03- ions in soil 

provides a major source for N20 emission, as stated by Stevens & Laughlin ( 1998). 

The mean values of N03--N for all the urea and urine treatments indicated that, at the 

end of the experimental period, the N03--N concentration in the soil with DCD was 

reduced by almost 50% (urea) and 25% to 33% (urine) compared to that in soil cores 

without DCD. This decrease in N03--N can be attributed mainly to the direct effect of 

DCD on nitrification; the increase in NH4 + -N concentration in DCD-treated soil may 

have also contributed to the lower N03--N concentrations as an increase in ammonium 

salts has been shown to inhibit nitrification (Monaghan & Barraclough 1 992). There 

was a substantial (3-8 times) increase in NH/-N concentration in cores receiving urea 

(UrT6 and UrT8) and urine treatments with DCD compared to cores without DCD. 

Higher accumulation of NH/ -N in soil with the addition of DCD to various N sources, 

such as fertiliser, slurry and urine, has been found by various workers (Abbasi & 

Adams, 2000 ; Cookson & Comforth, 2002; Merino et aI. , 2002; Puttanna et al. , 200 1 ) .  

In  the absence ofN addition (i.e., the control soil), the application of DCD did not affect 

soil NH/-N and N03--N concentrations; this may be attributed to the pasture uptake of 

NH/-N limiting net nitrification. Competition for NH/-N from other microorganisms 
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may have also contributed (Tietema & Wessel 1 992) to the negligible increases in 

NH/-N in the control treatment with added DCD. Nitrification has also been shown to 

be dependent on readily oxidisable C supply (Tietema & Wessel, 1 992) which may 

have been restricted in the control soil. 

Results from this study showed that the peak values for all the measured 

properties (K+, Mg+2, Ca+2, NH/, N03) in the leachates occurred within the fIrst pore 

volume. Urine applied to the soil cores at field-capacity moisture content was 

distributed uniformly. Further, soil cores were maintained at fIeld-capacity moisture 

content throughout the experimental period of 50 days by adding water which could 

have maintained the uniform solute distribution. Thus, when soil cores were leached, 

the concentration of the solutes in the leachate from the fIrst pore volume was high and 

then decreased with increasing pore volumes. As discussed earlier, the soil mineral-N 

before commencing leaching was mainly present as N03- in the soil cores at 0-50 and 

50- 1 00 mm depths in the T5 and T7 treatments receiving urine only. Thus, N03-

formed the major component of N output in the leachate for urine treatments (Figure 

5 . 10) .  This N03- concentration was significantly reduced at both the depths with the 

addition of DCD to the soil cores. The N03- breakthrough curves show the obvious 

difference between the urine (T5 and T7) and urine+DCD (T6 and T8) treatments. The 

60-65% reduction in total N03 - leaching loss due to the application of DCD to the urine 

treatments @ 29 and 57 g N m-2 is similar to the 74-76% reduction with DCD added to 

autumn-applied urine-N ( 1 000 kg N ha- I ) by Di & Cameron (2004c). 

In contrast, the addition of DCD increased the N� + concentration in soil cores 

by 7- to 9- fold. This increase was apparent in the amount of NH/ found in the 

leachate of these cores which was 2 to 3 . 5  times higher than that found in the leachate of 

soil cores without DCD (Figure 5 . 1 1 ) .  A similar result was also found by Cookson & 

Comforth (2002). Although, NH4 + ions are strongly adsorbed on the soil colloids, the 

accumulation of NH4 + ions would have caused the saturation of the cation-exchange 

capacity ( 1 0  cmole kg-I ) making them susceptible to leach. But, as the column depth in 

our study was only 1 0  cm, one would expect less NH4 + leaching under fIeld conditions 

with a deeper soil profIle. Although there was an increase in the N� + concentration of 

the leachate from the T6 and T8 treatments, the addition of DCD reduced total N 

leaching by 45% for these treatments, mainly by reducing N03 - leaching (Figure 5 . 1 0) .  
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In addition to the reduction in N03 - leaching, the treatment of soil cores with 

DCD also resulted in decreased leaching losses of the major cations K+, Mg+2 and Ca+2 . 

According to Figure 5 . 13 ,  the relationship between the cations and N03- leached for all 

the treatments was linear (r2 = 0.876, F<O.OOO l ), indicating that the charge ratio 

between the amount of cations and N03 - leached was the same. As the electrical charge 

of the soil solution is always balanced or neutral, and charge balancing is a fundamental 

requisite in all systems - soil, plant and animal, leaching of anionic constituents in soil 

needs to be balanced by an equivalent loss of cationic constituents. Nitrate is a weakly 

held anion (non-specific adsorption), in contrast to other anions like phosphate which 

undergoes specific adsoption; when nitrate is subject to leaching it takes the cations 

along as charge-balancing counter ions. Thus, the reduction in N03 - leaching also 

caused a decrease in the leaching of counter ions (cations). From Figure 5 . 1 2  it is clear 

that, even when the leaching loss of N03- became c lose to zero, there was considerable 

loss of cations. These losses probably represent the background leaching loss of cations 

as counter ions with other native anions such as cr and S04- from the grazed grassland 

soil. This also explains the increase in leaching of NH4 +, even though there was a 

reduction in N03 - leaching with the addition of DCD. Brye & Norman (2004) have 

observed that anionic dissolved organic carbon can also play an important role in 

maintaining the soil-so lution charge balance. Thus dissolved organic carbon can be one 

of the factors, along with other anions, that can explain the difference in cation leaching 

not accounted for nitrate leaching. The leaching reductions of 72% for Ca +2, 33 - 50% 

for Mg +2 and 36 - 42% for K+ obtained with added DCD in this study are similar to 

those found by Di & Cameron (2004b) i .e . ,  a reduction of 50%, 52% and 65% for Ca+2, 

Mg +2 and K+, respectively, with the addition of DCD to urine spots in a free draining s ilt 

loam soil under field conditions. 

The dominant cations in the leachate in the present study were Ca +2 and K+ with 

the concentrations of Mg+2 and NH/ being low. This dominance of Ca+2 as a counter 

ion was attributed to the large amount of exchangeable Ca+2 in the soil (Table 4. 1 ) . The 

high concentration of K+ in the leachate was likely to be because of its high 

concentration in cattle urine (6 to 1 1  g K r1 ; Ledgard et al. ( 1 982); Williams et af. 

( 1 989)), and can also be attributed to the absence of any 2 :  1 type clay minerals for 
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absorbing K+ ions in the Manawatu sandy loam soil (Williams et al. 1 990) . Moreover, 

it is likely that urine-derived N� + would have replaced adsorbed K+ from soil colloids. 

The amount of cations leached increased with increasing rate of urine treatment 

(Figure 5 . 1 1 ) .  The concentration of all cations, including K+, Mg+2, Ca+2 and NH/, 

increased significantly in the T7 treatment as compared to the T5 treatment. The 

increase in NH4 + and K+ leaching can be attributed to the higher input of these ions in 

T7 than T5. The increase in the leaching ofCa+2 and Mg+2 with increasing rate of urine 

application can be explained by the ratio law which indicates that, in dilute solutions, 

divalent cations mostly stay on the exchange sites and it is mainly the monovalent ions 

that remain in solution with the anions. But, as the soil solution concentrations and 

N03- ions increases at the higher urine rate more divalent cations are found in solution. 

Thus, with increasing nitrate input it is likely that increasing levels of Ca +2 and Mg +2 

will be leached, firstly because of the presence of more associated soluble anions and, 

secondly, because of the ratio law described above. 

Addition of DCD did not affect pasture yield significantly in either urea or the 

urine treatments, but did increase the N concentration in herbage in the urea treatment. 

However, the trend was opposite in the urine treatments where the addition of N to soil 

cores was higher than in the urea treatments. The slight decrease in DM yield with the 

addition of DCD in the urine treatments at the lower rates of 14.4 and 29 g N m-2, and 

also in the control, may be attributed to the increase in N� + concentration resulting in 

salt injury and N� + toxicity. The effect of DCD on herbage yield is found to be quite 

variable (Cookson & Cornforth, 2002; Di & Cameron, 2002b; Gioacchini et aI. , 2002; 

Smith et aI. , 2005) .  Herbage yields in both the T7 and T8 treatments (57 g urine-N m-2) 

were reduced as compared to treatments receiving urine at the lower rates. A few days 

after the application of urine in the T7 and T8 treatments, the herbage turned brown 

around the leaf margins and some of the plants died. This effect has been referred to as 

urine scorch or urine bum and has been observed in the field (Doak 1 952; Holmes 1 968; 

Richards & Wolton 1 975), particularly where applications of highly concentrated urine 

occur (e.g., concentration of urine N > 1 %; (Quin 1 977). The main effect of urine bum 

is thought to be on the root system of the p lants rather than on the leaves (Richards & 

Wolton, 1 975), and is probably caused by a combination of high salt and N� + toxicity. 
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5.5 Conclusions 

In intensively grazed pasture, urine excretions act as the hot spots for N losses. 

The N added via urine is well in excess of that which can be taken up by the pasture in a 

growing season and thus liable to losses through gaseous emissions and/or leaching. 

Addition of a nitrification inhibitor (DCD) has been shown to be effective in reducing 

some of these losses considerably. 

The main conclusions that can be drawn from this study in relation to DCD-induced 

changes in N-related dynamics in soils are as follows: 

• Ammonia emissions were significantly increased by the addition of DCD to urea 

but not to urine application. 

• DCD reduced N20 emissions by 34 to 93% and 45 to 8 1  % in the urea and urine 

treatments, respectively, depending on their application rate. 

• DCD affected mineral N transformations of urea and urine N in soils. DCD 

increased NH/ -N concentrations in so il by inhibiting nitrification, with a 

corresponding decrease in N03'-N concentrations. The NH/-N concentrations 

decreased more gradually in DCD-treated soil than in the untreated soil, which 

also contributed to lower N03'-N concentration in both the DCD treated urea 

and urine treatments. 

• The accumulation ofNH/-N in the soil with added DCD was reflected by a 2 .5-

to 3- fold increase in N14 +-N leaching, whereas the reduction in N03--N 

concentration resulted in N03 --N leaching being reduced by 60-65% in the urine 

treatments. The overall effect ofDCD was reduced mineral-N leaching. 

• Addition ofDCD also reduced anion-induced cation (K+, Mg+2, Ca+2) leaching. 

• There was no significant effect of DCD addition on herbage yields either in the 

urea or urine treatments. 

Our study has shown that, under controlled conditions, DCD can reduce N 

losses from soil via reducing N20 emissions and N03- leaching and cations leaching 

from urine spots. There was some trend of slightly e levated NH3 volatilisation with 

DCD but the increases in the urine treatments were not significant. The actual 

benefits of DCD under field conditions would depend on whether the inhibitor could 

remain active over protracted periods in different soils and under different 
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environmental conditions. Therefore, the effectiveness of DCD under field 

conditions, and the effect of soil type on DCD degradation, forms the focus of our 

next chapters. 
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Chapter 6 

Combined effect of urease and nitrification 

inhibitors on N dynamics in pasture soils 

6.1 Introduction 

Strategies for regulating the fate and behaviour of N in the pasture system focus 

mainly on improving the use efficiency of fertiliser N and excretal N, and reducing 

environmental N pollution. Included among these strategies is the use of inhibitors with 

N fertilisers or added to the urine spots in grazed pastures. Urease inhibitors (UIs) 

retard the hydrolysis of soil-applied urea or urine and reduce the accumulation and 

volatilisation of NH3 (To mar et al. 1 985; Wang et al. 1 99 1 ). Nitrification inhibitors 

(NIs) reduce N20 flux and nitrate leaching from NH/ and urea based fertilisers 

(Bronson et al. , 1 992; Mosier et aI. , 1 998; Skiba et aI. , 1 993), organic manures and 

urine spots (Di & Cameron, 2002b, 2003 ; Hatch et aI. , 2005), but they can sometimes 

enhance NH3 volatilisation losses (Rao & Puttanna, 1987). This increased NH3 

volatilisation may negate the beneficial effects of NIs on the reduction in N20 emission 

and nitrate leaching. It is hypothesized that a combination of urease and nitrification 

inhibitors is conducive to retaining more urea-N in the soil-plant system. 

To test this hypothesis, glasshouse and field-plot studies were conducted 

involving urease inhibitor i .e . ,  Agrotain (NBPT) and nitrification inhibitor i .e . ,  DCD, 

with urea and urine. The research aim was to improve the N-use efficiency of applied 

urea and urine and reduce loss of N to the environment. 

The main objective of this study was to investigate the individual and combined 

effects of urease inhibitor (Agrotain) and nitrification inhibitor (DCD) on the fate and 

behaviour of applied urea and urine-N. The specific objectives were as follows: 
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� To examine the combined effect of inhibitors on NH3 and N20 losses from 

applied urea and cattle urine in a pasture soil. 

� To examine the effect of these inhibitors on changes in mineral N in the soil. 

� To study the effect of these inhibitors on pasture yield and N uptake. 

6.2 Materials and Methods 

6.2 .1  Experimental set-up 

6.2. 1 . 1  Glasshouse experiment 

The study used intact soil cores ( 1 00 mm diameter, 1 00 mm depth), that were 

similar to those described in Chapter 3 section 3 .2 .4. 1 ,  collected from the same site and 

prepared similarly for the application of treatments. The soil at this site was Manawatu 

fine sandy loam and its characteristics have been described in Chapter 4 of this thesis. The 

experiment with four treatments viz., Control, Urea+NI, Urea+UI and Urea+UI+NI in 

triplicate was set up in the glasshouse maintained at a near constant temperature ranging 

from 1 5-20°C. The urease and nitrification inhibitors used in this study were Agrotain 

(Sustain Yellow) and DCD (@ 25 kg ha-I ), and urea was applied @ 1 00 kg N ha-I . The 

treatment details are given in Table 6. 1 .  Background measurements for NH3 and N20 

emissions were taken before applying treatments. 

6.2. 1 .2 Field-plot Experiment 

Experimental site and Soil Characteristics 

This experiment was a part of a TechNZ-funded project entilted 'Development 

of technology to minimise N losses from grazed dairy pastures' that included 

establishing the efficacy of nitrification and urease inhibitors on gaseous losses of N20, 

drainage losses of N03 - from pasture and evaluating the efficacy and practical usability 







Chapter 6 1 3 1  

containers below 4°C to avoid urine hydrolysis. Before the urine application to the plots, 

a urine sample was bulked from each container and analyzed for total N (Ebina et al. , 
1 983) and total C (Bremner & Tabatabai, 1 97 1 ) . The urine applied had an average total 

N and C concentration of 6.5 g rl and 2 .8  g rI , respectively. 

6.2.2 Ammonia measurements 

For the glasshouse experiment, NH3 emission was measured for 20 days after 

application of the treatments using the active flux method discussed in Chapter 3 

Section 3 .2.4.2. For the field-plot experiment, NH3 emission was estimated for 1 5  days 

using passive samplers containing an oxalic acid (C2H204) coating, as described in 

Chapter 3 Section 3.2.5 . 1 .  Four passive samplers of 2 1  mm (diameter) x 90 mm (long) 

were placed diagonally in each plot (Plate 3 .3). These samplers were removed regularly 

after 6 days of exposure, for the measurement of trapped NH3 and were recapped until 

analysis. The NH3-saturated oxalic acid was dissolved in water and the concentration of 

NIL. +-N in the solution was measured using an auto-analyser. The volatilisation loss of 

NH3-N from each plot was estimated as the sum of NH/ -N in the four vials of each 

p lot. 

6.2.3 Nitrous oxide measurements 

In both the experiments, N20 emissions were determined usmg the closed 

chamber technique described in Chapter 3 Section 3 .2 .4.3. The emissions were 

measured for 36 days in the glasshouse experiment and for 50 days in the field p lot 

study. In the field-plot study, one open base chamber one per plot was inserted 1 00 mm 

into the soil one day before measurements. During the course of measurements over 50 

days, the chambers were covered with baskets, which were insulated with aluminium 

foil to minimise fluctuations in temperature. Basal N20 emission was measured one 

day before the application of treatments in both the experiments. Measurements ofN20 

emissions were taken daily for the first week to capture immediate changes in N20 

fluxes. Subsequent measurements were made on alternate days for the next two weeks, 
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and then twice a week in the fourth week. For the remaining period of two weeks, 

measurements were taken once a week. The N20 flux was calculated as discussed in 

Section 3 .2.4.3 of Chapter 3. Cumulative fluxes were calculated using the mean values 

from two consecutive daily fluxes. 

6.2.4 Soil Sampling and analysis 

At the end of the glasshouse experiment, soil cores were cut at 0-50 mm and 50-

1 00 mm depths. A sub-sample of 5 g (oven dry equivalent) was taken from each soil 

core to determine the concentration of NH4 + and N03- -N, as discussed in Section 

4.2.4.2. In the field-plot study, three soil samples at two depths (0-50 and 50- 1 00 mm) 
were collected, three from each replicate plot within each block outside the chamber 

area on 1 ,  4, 5, 7, 1 2, 1 7, 2 1 ,  28, 37 and 48 days after the treatments were applied. 

Composite samples were obtained by bulking together the three samples from each 

replicate plot to determine soil water content, pH (0-50mm), mineral N and DCD (0-50 

mm) concentrations. Field-moist samples were weighed (Mt) and oven-dried ( l 050C) to 

a constant mass (Ms). Gravimetric soil water content (SWC) was calculated 

swc = 
M, - Ms 

x 1 00 
Ms 

The volumetric soil water (av) content was then calculated by mUltiplying the 

gravimetric SWC with the soil bulk density ( p  b). The water filled pore space (WFPS) 

was calculated as follows 

WFPS = 
Total soil porosity 

where, total soil porosity was calculated by the formula 

Total soil porosity = 1 _ Pb 
Ps 

The particle density of the soil (Ps) was assumed to be 2.65 g cm-
3
. 

Field-moist samples were stored overnight at <4°C before sieving (2mm). A 

sub-sample 5 g (oven dry equivalent) was extracted with 30 ml 2M KCI for NH/ and 

N03- as described in Section 4.2.4.2. 
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Another sub-sample ( 1 0  g oven dry equivalent) was extracted with deionised 

water ( 1  :2, soil:water ratio). The solution was shaken on an orbital shaker for 30 

minutes, centrifuged and filtered (Whatman No.  40). The soil extract was analysed for 

DCD concentration by a manual colorimetric method at 540 nm (Vilsmeier 1982). 

Soil pH was measured at a 1 :2.5 soil:water ratio using a combined electrode pH 

meter (Blakemore et al., 1 987). Total C and N in the soil were measured by combustion 

in a Leco FP-2000 CNS (LECO Corp., St Joseph, MI, USA). 

6.2.5 Herbage analysis 

Herbage from the glasshouse in-situ cores was cut twice to 2 cm height and from 

the field-plots mown three times on days 25, 50 and 65 after the treatment application. 

The harvested material was weighed, with a sub sample dried at 1 00°C for 24 hours to 

determine dry matter (DM) content, and the cumulative DM yield was recorded. In 

addition, hand-cut samples were collected, dried at 65°C for 24 hours and analysed for 

total N content as discussed in Section 4.2.4.3 .  The dry matter response to N input was 

calculated by the formula given in Section 5 .2 .3 .3 .  

6.2.6 DeD Degradation 

The rate of  degradation of DCD as  measured by  its half-life (t \ /2) was calculated 

by fitting an exponential curve relating the change in DCD concentration in the soil  

with time. 

N = No exp( -kt) Eq (6. 1 )  

where, N is the amount of  DCD remaining in the soil at time (t), No is the amount of 

DCD recovered at the beginning of the experiment in the soil and k is the decay 

constant. The DCD half-life (time taken to reduce DCD concentration to half of the 

initial values) was calculated as: 

ty, = 0.693/k Eq (6.3) 
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6.2.7 Statistical Analysis 

An analysis of variance using SAS software (version 8) was performed on the 

results of total NH3 and N20 emitted, mineral N ,  total herbage DM and herbage N 

uptake using the General Linear Model (GLM) procedure. Mean comparisons were 

done using F ishers Least Significant Difference (LSD) at 5% significance. The 

correlation analyses between ammonium, nitrate and DeD were conducted using the 

SAS package. 

6.3 Results 

6.3. 1 Ammonia emissions 

In the glasshouse experiment, the addition of urea (Ur) to in-situ soil cores 

resulted in an NH3 peak ( 176 mg N m-2 d- I ) 48 hours after application (Figure 6.2). 

When NI was added with urea (Ur+NI), a significant increase in the NH3 peak (264 mg 

N m-2 d-I ) resulted. The amount ofN emitted as NH3 increased from 0.6 1 (Ur) to 0.88 g 

N m-2 in the Ur+NI treatment, resulting in a 44% increase in NH3-N emission (Table 

6.3). The application of UI to urea (Ur+UI; Sustain Yellow) decreased the NH3 peak 

(27.4 mg N m-2 d-I ) significantly, and the peak was delayed by 2 days as compared to 

urea alone (Figure 6.2). The emissions remained low with the UI application throughout 

the 1 5  day measurement period. The total amount of NH3-N emitted was reduced from 

0.61  to 0. 1 7  g N m-2 with UI, resulting in a 72% decrease in NH3-N loss (Table 6.3). 

The emission of NH3-N with the addition of DeD to Sustain Yellow (Ur+UI+NI) 

followed a similar trend to Sustain Yellow (Ur+UI), with a slight but insignificant 

increase in emissions from 0. 1 7  (Ur+UI) to 0. 1 8  g N m-2 (Ur+UI+NI). The use of the 

combined inhibitors (Ur+UI+NI) resulted in a 70% decrease in NH3-N emissions as 

compared to the Ur treatment (Table 6.3). In all the treatments, NH3 emissions reached 

the background levels by day 1 5 .  
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In the field-plot study, NH3-N trapped by the passive samplers for all the urine 

treatments was about 2 1  to 33 times greater than the control (water only) and was 

indicative of the trend of NH3 loss from each treatment (Figure 6.3). The data obtained 

from passive samplers indicate that the addition of DCD to urine (Urine+N I) increased 

the NH3 loss by 50%, whereas the addit io n of Agrotain either alone (Urine+UI) or with 

DCD (Urine+NI+UI) reduced the NH3 loss by 6% and 4%, respectively (Figure 6.3). 
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6.3.2 Nitrous oxide emissions 

In the glasshouse experiment, N20 emission in the urea (Ur) treatment peaked to 

2 .94 mg N m-2 d- I , 7 days after the application of the treatment before gradually 

declining to the background levels (Figure 6 .4). Where DCD was applied to urea 

(Ur+NI), the N20 flux was reduced to 0.7 mg N m-2 d-I and remained significantly 

lower (P<0.05) than from urea alone throughout the experimental period of 37 days. 

This resulted in a 75% reduction in N20 emissions. However, in the presence of urease 

inhibitor (Ur+UI), N20 emissions were lower than from urea for 1 1  days and then 

started to increase, peaking to 4.73 mg N m-2 d-I on day 26. The total increase in N20-

N emissions with the urease inhibitor from 0.04 (Ur) to 0.07 g N m-2 (Ur+UI) was, 

however, not significant (Table 6.3). No peak was obtained when both the inhibitors 

were added (Ur+UI+NI) and the N20 flux always remained below 1 .03 mg N m-2 d-I 

throughout the experimental period. The total N20-N emission decreased from 0.04 g 

N m-2 (Ur) to 0.0 1 and 0.02 g N m-2 with DCD alone (Ur+NI) or in combination with UI 

(Ur+UI+NI), resulting in 75% and 50% emission reductions, respectively (Table 6.3). 

5.0 

4.0 

-'0 
� 3.0 

z 
Cl> .§. 
� 2.0 c: 

� 
1 .0 

0.0 

0 4 

Figure 6.4 

-o- Ur 

__ Ur+NI 

-o- Ur+Ut 

__ Ur+Ut+NI 

8 1 2  1 6  20 24 28 32 36 40 

Days after treatment application 

Nitrous oxide losses from urea applied with and without urease and 

nitrification inhibitors. Each value represents a mean of three 

replicates with standard deviation shown by vertical bars. 



Chapter 6 

Table 6.3 

Treatment 

Ur 

Ur + NI 

Ur + UI 

Ur+UI+NI 

L.S.D (0.05%) 

137 

Total N applied and N emitted as NH3 and N20 (g N m-2) over the 

experimental period from soil cores receiving urea with and without 

urease and nitrification inhibitors 

N added NH3-N % of added N20-N % of added 
(g N m-2) (g N m-2) N emitted (g N m-2) N emitted 

as NH3 as N20 
1 0  0 .61  6 0.044 0.4 

1 0  0.88 8 .8 0.0 1 1 0. 1 

1 0  0. 1 7  1 . 7 0.070 0.7 

1 0  0. 1 8  1 .8 0.023 0.2 

0.22 0.05 

In the fie ld-plot study, N20 emIssIons III all treatments showed two peaks 

(Figure 6.5). The first small peak was observed within 24 hours of urine application. 

The emissions were 0.054, 0.045 , 0.077, 0.042 and 0.03 1 kg N ha- I d-I for the control, 

Urine, Urine+NI, Urine+UI and Urine+NI+UI treatments, respectively (Figure 6.5); in 

the urine treatment, emissions were 2- to 8-fold greater than the background emission 

rates. A second peak occurred in all treatments, except the control (water only), at day 

1 2  and corresponded with a high rainfall event (Figure 6. 1 ) .  The peak was highest in 

the Urine+UI treatment (0.29 kg N ha-I d-I ), followed by the Urine treatment (0.2 1 kg N 

ha-I d-I ) .  The peaks for the Urine+NI and Urine+NI+UI treatments were significantly 

lower (0.08 and 0. 1 3  kg N ha- I d- I ) than the peak for the Urine treatment, and remained 

low throughout the experimental period of 50 days. The total N20 emissions in the 

Urine+UI treatment (3.76 kg N ha-I ) did not differ significantly from those in the urine 

treatment (3 .37 kg N ha-I ) .  However, total emissions were reduced to 1 .62 and 2.05 kg 

N20-N ha- I , respectively, in the Urine+NI and Urine+NI+UI treatments. The 

application of DCD to the Urine and Urine+UI treatments consequently resulted in 68% 

and 5 1  % reductions, respectively (Table 6.4). The total amount of N emitted as N20 

from the control treatment was 0.8 1 kg N ha- I . 
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pasture on Tokomaru silt loam. Each value represents a mean of 

three replicates with standard deviation shown by vertical bars. 

Table 6.4 Total N applied and N emitted as N20 (kg N ha-I ) over the 

experimental period from plots receiving various treatments 

Treatment N added N20-N % of added % reduction 
(kg N ha-I) (g N m-2) N emitted as 

N20 
Water only 0.8 1  
(control) 
Urine 600 3.37 0 .43 

Urine+NI 600 1 .62 0. 1 3  68 

Urine+UI 600 3 .76 0.49 

Urine+NI+UI 600 2.05 0 .2 1  5 1  

L.S.D (0.05) 1 .0 1  

6.3.3 Den degradation analysis 

The amount of DeD recovered on day 1 from 0-50 mm depth soil in the fie1d­

plots treated @ 7 kg ha-I was 4.3 mg kg-I (2 . 1 7  kg ha-I ) and 4.9 mg kg-I (2.47 kg ha-I ) 

(Figure 6.6) for Urine+NI and Urine+NI+UI, respectively. The DeD concentrations 

reduced with time. The calculated half-life of DeD in this soil under the prevailing 
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climatic conditions was 24.5 and 27. 5  days for these two treatments, respectively (Table 

6.5). Soil NH/-N showed a significant positive correlation, (r = 0.8 1 ;  P < 0 .000 1 )  

with Den concentration while soil N03--N had a non-significant negative correlation 

(r2 
= -0.38). 

Table 6.S Half-life (t\l,) of DeD in plots receiving urine with DeD alone and 

combined with Agrotain 

Treatment 

Urine 

Urine + N I  

Urine+NI+UI 

P = 0.2590 

- 6 
·0 
III 

Degradation rate 
constant (datl) 

0.029 =-0.003 

0.025 ± 0.002 

Half- life (days) 

24.5 ± 2 .5  

27 .5  ± 2.5  

_ Urine 

• Urine+NI 

0. 8 1  

0 .90 

":"Cl 5 
� 
Cl 

y :: 5.6762e ·O.0252x 

� =  0.8983 o Urine+NI+UI 
E 4 
c:: 
o 
� 3 
� -
c:: � 2 
c:: 
o 
CJ 1 o 

(.) 

y = 4.6927e'{)·0288x 

� = 0.81 37 

• 

o O�-""'-""""'''''--r--''''-''''''''''''''''---'-''''--..-�r-----' 
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Days after treatment application 

Figure 6.6 Mean DeD concentrations in Tokomaru silt loam following the 

application of urine treatments with DeD alone and combined with 

Agrotain. Error  bars represent the standard deviation of the three 

replicates 
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6.3.4 Nitrogen transformation 

At the end of the glasshouse experiment, mineral N in the soil  at 0-50 and 50-

1 00 mm depths was mainly present as N03- in both the urea (Ur) and Ur+UI treatments 

(Figure 6_7). However, in the treatments where DCD was added to urea i .e. ,  Ur+NI and 

Ur+UI+NI, mineral N was mainly present as NH/ at 0-50 mm depth. The addition of  

DCD to the Ur  and Ur+UI treatments increased the NH/-N concentration at 0-50 mm 

depth significantly, from 1 0.9  mg N kg-! (Ur) to 48.3 (Ur+NI) and 49.3  mg N kg-! 

(Ur+UI+NI), respectively (Figure 6.7 a) . There was also a significant (P<0.05) increase 

in the NH/-N concentration at 50- 100 mm depth from 1 .69 in Ur to 3.28 in Ur+NI and 

3 .75 mg N kg-! in Ur+UI+NI. The addition of DCD to urea (Ur+NI) decreased the N03-

-N concentration at both 0-50 and 50- 1 00 mm depths, from 53 . 5  and 24. 5  mg kg- ! soil 

(Ur) to 1 8 .8  and 1 0.5  mg kg- ! soil (Ur+NI), respectively (Figure 6.7 b). When DCD 

was added along with UI (Ur+UI+NI), the amount of N03 --N decreased from 4 1 .0 and 

2 1 .5 mg kg-! (Ur+UI) to 2 1 .5 and 1 2.0 mg kg-! at 0-50 and 50- 1 00 mm depth, 

respectively. The NH/-N and N03--N concentrations at either 0-50 or 50- 100 mm 

depths did not differ significantly in the Ur+UI and Ur treatments (Figure 6.7 a & b) . 
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In the field-plot study, NH/-N and N03 --N concentrations in the soil receiving 

water only were 23.4 and 29 mg N kg-I soil at 0-50 mm depth and 1 9.6 and 25 mg 

N kg-I soil at 50- 1 00 mm depth, respectively, a few hours after treatment application 

(Figure 6.8, 6.9). The addition of urine (with and without inhibitors) increased the 

mineral N concentration of the soil at both depths significantly compared with the 

control treatment. The NH/-N concentrations reached peak values within 24 hours of 

application of the urine (34 1 mg N kg-I soil) and Urine+NI (352 mg N kg-I soil) 

treatments at 0-50 mm depth and then decreased with time, reaching the background 

levels by the end of the experiment (Figure 6 .8  a). In the Urine treatment a significant 

reduction (P< 0.05) in NH/-N concentration occurred at 0-50 mm depth after the peak, 

where ca. 65% of the NH/-N present on the first day of application disappeared rapidly 

during the first 1 2  days. The concentration then further decreased, and at the end of 50 

days very little NH/-N ( 1 0.0 mg kg-I soil) was present at this depth. However, addition 

of DCD to urine (Urine+NI) was effective in inhibiting the transformation of NH4 + to 

N03--N in the soil (Figure 6.9), thus keeping the NH/-N concentration significantly 

higher than that from urine throughout the experiment (Figure 6 .8) .  The net rate of 

change in NH/-N concentration for the frrst 1 6  days was found to be higher for the 

Urine treatment ( 1 6.4 mg kg- I soil d-I ) than that for the Urine+NI treatment ( 1 0.9 mg kg­

I soil d-I ) .  There was a similar treatment difference in the 50- 1 00 mm layer, although 

NH/-N levels were much lower than those at 0-50 mm depth (Figure 6.8 b) . 

Application of Agrotain did not prevent the build up of NH/-N in soil, although it did 

delay the time of peak concentration by 5 and 7 days in the Urine+UI and Urine+Nl+UI 

treatments, respectively (Figure 6.8 a) . The peak values obtained in these Urine+UI and 

Urine+Nl+UI treatments were 299 and 273 mg N� +-N kg-I soil, respectively; values 

decreased with time and were at background levels by end of the experiment. The net 

rate of change ofN�+-N concentrations for the first 1 0- 1 2  days was 1 6.2 and 1 0.7  mg 

kg-I soil d-I , respectively in the Urine+UI and Urine+NI+UI treatments. 



Chapter 6 

(a) 

500 
� 

'0 
III 

":"CI 400 
.:.; 
Cl 
E 

-;; 300 
o 

;; 
Cl! 
� Cl) 200 
u c: 
o u 
z 1 00 

-)K- Water only 

_ Urine 

-+- Urine+NI 

-.- Urlne+UI 

-0- Urine+NI+UI 

143 

+� 
z 

o 
)K-�)K .)K -)K-)K -)K=:::;::==�::::������ . i i i � 

o 5 10 1 5  20 25 30 35 40 45 50 

(b) 

- 1 00 
'0 
IJI 

";" 
Cl 8 0  � 
Cl 
E 

60 c: 
0 

;; 
CII ... - 40 c: 
Q) () 
c: 
0 () 2 0  

Z . + oot 
:I: 
Z 0 

0 

Figure 6.8 

5 1 0  

Days after treatment application 

-)K - Water only 

___ Urine 

-+- Urine+NI 

-.- Urine+UI 

-e- Urine+NI+UI 

i )K==ir====;i==�)K..., 
1 5  2 0  2 5  30 35 40 45 50 

Days after treatment a pplication 

Distribution of soil NH/-N concentration at (a) 0-50 mm and (b) 50-

100 mm depth following the application of urine, with and without 

urease and nitrification inhibitors, to pasture on Tokomaru silt loam. 
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In al l  the treatments along with the control, a slow build-up of N03--N was 

observed at both 0-50 and 50- 1 00 mm depths, and then a decrease after reaching a peak 

value (Figure 6.9). The concentration of N03 --N in soil amended with urine alone 

increased progressively and a maximum of 294 mg N kg-I soil was obtained after 1 2  

days at 0-50 mm depth, whereas a peak of 92.3 m g  N kg-I soil was observed after 1 7  

days at 50- 1 00 mm depth. The concentration o f  N03--N then decreased in both the 

layers, despite the continuing decrease in NH/ -N (Figure 6.8) .  The application of 

inhibitors with urine significantly affected the N03--N concentration. The rate of 

nitrification, as measured from the increase in N03--N, was found to be higher for the 

urine treatments without DCD than with DCD. Values at 0-50 mm soil depth for Urine 

alone and Urine+UI were 22. 1 and 1 2.4 mg kg-I d-I , respectively and for Urine+NI and 

Urine+NI+UI were 5 .02 and 6.54 mg kg-I d-I , respectively (Table 6.6) .  Similarly, at 50-

100 mm soil depth, the rate of nitrification was highest for Urine (3 .97 mg kg-I d- I ) 

treatment. The addition of UI and NIs, both alone and in combination decreased the 

nitrification rate and the maximum reduction was seen in the Urine+NI (0.57 mg kg-I d­

I ) (Table 6.6). With the addition of Agrotain to urine (Urine+UI), the maximum N03-

concentration (207 mg N kg- I soil) at 0-50 mm depth was reached only on the 1 7th day 

(Figure 6.9), and was significantly lower than that found in the Urine treatment; N03 --N 

then decreased progressively until the end of the experiment. Like NH/-N, N03- -N 

concentrations at both 0-50 and 50- 1 00 mm soil depths in the Urine+UI treatment 

remained significantly higher than those in the control throughout the experiment. 

Nitrate concentrations at 50- 1 00 mm soil depth in all the treatments showed similar 

trends to those at 0-50 mm depth, with the urine treatment having higher N03--N 

concentrations than the treatments with inhibitors (Figure 6.9). 
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Distribution of soi l N03--N concentration at (a) 0-50 mm and (b) 50-

1 00 mm depth fol lowing the autumn application of urine, with and 

without urease and nitrification inhibitors to the pasture on 

Tokomaru silt loam. Each value represents a mean of three 

replicates with standard deviation shown by vertical bars. 
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Table 6.6 Nitrification rate in various treatments in the Tokomaru silt loam 

soil in the field-plot study. 

0-50 mm 50- 1 00 mm 

Treatments Peak Day for Nitrification Peak Day for Nitrification 
value of peak rate value of peak rate 
NO-3-N value (mg kg-Id-I ) NO-3-N value (mg kg- I d-I ) 
(mg kg-I} (mg kg-I} 

Water only 48.5 1 7  1 . 1 5  20.5 1 7  -0.25 
(Control) 
Urine 284 1 2  22. 1 92.3 1 7  3 .97 

Urine+NI 1 14 1 7  5 .02 53 .0  37  0.76 

Urine+UI 207 1 7  1 2.4 6 1 .0 28 1 .30 

Urine+NI+UI 1 4 1  1 7  6.54 74.0 1 7  2 .90 

6.3.5 Dry matter yield and nitrogen uptake 

The dry matter (DM) yield from the cores receiving urea with and without 

inhibitors in the glasshouse experiment is given in Table 6.7 .  The DM yield from the 

cores receiving urea alone ( 1 80 g m-2) was the lowest among all the four treatments. 

Application of inhibitors individually (Ur+NI and Ur+UI) increased the grass dry matter 

production non-significantly to 1 8 1  and 202 g m-2, respectively. The DM yield with the 

addition of the combined inhibitors (Ur+UI+NI) was 205 g m-2 and the increase of 1 3% 

over the Ur treatment was significant. The amount of N taken up by herbage followed 

the trend: Ur+UI+NI (5.54g N m2) > Ur+UI (5 .43 g N m-2) > Ur (4.8 g N m-2) > Ur+NI 

(4.73 g N m-2); however, the treatment differences were not significant (Table 6.7). 
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Table 6.7 Total DM yield, percent N in DM and N uptake by the herbage from 

soil cores receiving urea with and without inhibitors 

Treatment N added Total DM N in DM N uptake 
(g m-2) (g m-2) (%) (g m-2) 

Ur 1 0  1 80 2 .66 4.80 

Ur + NI 1 0  1 8 1  2 .67 4.73 

Ur + UI 1 0  202 2.68 5 .43 

Ur +UI+ NI 10  205 2.70 5 .54 

L.S.D. (0.05%) 23.5 0.90 

In the field experiment, pasture was cut on three occasions on days 25, 50 and 

75 after the application of the treatments. Over the three pasture growth periods, the 

combined (3 cuts) pasture dry matter yields were significantly higher in the plots 

receiving N as urine both with and without inhibitors, than in the control (3.89 t ha-I ) 

(Table 6.8). The highest herbage yield was obtained in the treatment with the combined 

inhibitors (6.52 t ha-I ) followed by the Urine+UI (6. 1 1  t ha- I ), Urine+NI (5 .97 t ha-I ) and 

Urine only (5 .79 t ha-\ however, the differences in yields were not significant. The dry 

matter yield responses per unit N added also followed a similar trend to those of DM 

with 3 . 1 7, 3 .48, 3.7 1 and 4.4 1 kg DM yield kg- I added N for the Urine, Urine+NI, 

Urine+UI and Urine+NI+UI treatments, respectively (Table 6.8). The N uptake by the 

herbage pasture was significantly increased by the urine application when compared to 

the control ( 1 24 kg N ha- I ). The highest N (309 kg N ha-I ) was taken up by pasture 

receiving urine with combined inhibitors (Urine+NI+Ul), followed by 278, 277 and 268 

kg N ha-I in the Urine+NI, Urine+UI and Urine treatments, respectively. 
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Table 6.8 Total dry matter (DM) yield, percent of added N in DM and D M  

response t o  the added urine-N in  autumn with and without urease 

and n itrification inhibitors 

Treatment Total DM N added N in DM DM response 
(t ha-I} {kg ha- I} {%} {kg DM kg-I N} 

Water only 3 _89 3 .20 
(Control) 
Urine 5_79 600 4_63 3. 1 7  

Urine + NI 5 _97 600 4.66 3A8 

Urine +Ul 6_ 1 1  600 4_54 3 .7 1 

Urine+NI+UI 6_52 600 4.74 4A l 

LS_D (0.05%) 0.79 

6.3.6 Water-filled pore space 

At the beginning of the field-plot study, conditions were very dry and the soil in 

all the plots was significantly below field capacity. This is reflected in the WFPS 

distribution at day 0 (Figure 6. 1 0). With the application of the treatments (water for the 

control and urine), there was a small increase in WFPS in all the treatments. Water­

filled pore space subsequently decreased until the next rainfall event 1 2  days after 

treatment applications (Figure 6. 1 0). A total of 89.5 mm of precipitation was received 

during the experimental period of 50 days, with 56% of it in the last 30 days. The 

WFPS corresponded well with the rainfall events during the experiment and remained 

higher than that at field-capacity moisture content (WFPS=0.53) in all the treatments for 

the last 30 days of the experiment. There was no significant difference in the WFPS 

between the treatments (Figure 6. 1 0). 
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6.4 General discussion 

The results obtained in both the glasshouse and field-plot study indicated that 

urease (Agrotain) and nitrification (DeD) inhibitors when applied together had a 

posit ive effect in reducing N losses from urine and urea fertiliser. The results suggested 

that: ( 1 )  application of Agrotain alone was an effective means of reducing NH3 

emissions; however, it proved to be ineffective in reducing N20 emissions from both 

urea and urine; (2) the addition of DeD alone was effective in reducing N20 emissions, 

but it increased NH3 emissions from both urea and urine and increased NH/-N 

concentrations in the soil; (3) the combined application of Agrotain and DeD was 

successful in reducing both NH3 and N20 emissions; (4) the combined application a lso 

caused more N uptake by the herbage, and thus an increase in herbage yield, as 

compared to application of these inhibitors alone. These results are discussed in detail 

in this section. 

As indicated in earlier chapters, the urea N in urine and urea-based fertilisers 

undergoes hydrolysis by urease enzyme activity within a short period after application 
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to soils (from a few hours to few days duration); the NH/ ions formed resulted in an 

increase in soil pH close to the zone of hydrolysis. This increase in pH with a 

corresponding increase in NH4 + ions is likely to have induced NH3 volatilisation. In the 

field experiment, after a few hours from the urine application, there was an increase in 

soil pH from 5 .50 to 6.30 (Figure 6. 1 1 ) and NH/-N showed a peak concentration at 0-

50 mm depth (Figure 6.8 a). Vallis et al. ( 1 982) similarly found that 80% of urea in 

urine voided onto pasture was hydrolysed in 2 hrs as a result of the urease enzyme in 

soil or plant residues. This increase in pH and high NH4 + concentration are 

prerequisites for NH3 volatilisation and resulted in high losses ofNH3 both from urea in 

the glasshouse experiment and urine in the field experiment. The peak NH4 + 

concentration decreased rapidly after day 1 when urine was applied in the field-plot 

study. However, with the addition of NI to urine, the rate of nitrification of soil NH/­

N was reduced, and thus comparatively high NH/-N concentrations were maintained 

for a longer period (in excess of 50 days); an increase in NH3 volatilisation loss thereby 

resulted. Added DCD also kept the soil pH higher for a longer t ime than in the Urine­

only treatment (Figure 6. 1 1 ) and resulted in increased NH3 volatilisation. This result 

differs from the results reported in Chapter 5 which showed no significant increase in 

NH3 volatilisation when DCD was added to different levels of urine. This might be due 

to the fact the soil cores in glasshouse study (Chapter 5) were maintained at field­

capacity moisture content. The urine was consequently more deeply distributed down 

the core than in the soil in the current field experiment, in which the soil was quite dry 

at the time of urine application. 
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The addition of UI inhibited urea hydrolysis and thus delayed the peak NH/-N 

concentration in soil by 2 days; this helped urea to diffuse away from the surface, 

thereby reducing NH3 volatilisation. The reduction in NH3 volatilisation was greater in 

the glasshouse experiment than in the field-plot study, in spite of the fact that urea based 

N sources were surface applied in the former experiment. This could be attributed to 

the coating of urea granules with Agrotain, enabling the inhibitor to remain close to the 

zone of high N concentration. Furthermore, in the field-plot experiment, no rainfall 

occurred for the first five days (Figure 6. 1 ) .  In the glasshouse experiment, water was 

added every alternate day to the soil cores to maintain field-capacity moisture content, 

and would have assisted movement of the urea down the soil depth. The efficiency of 

NBPT has been found to be negatively correlated with organic C and clay content, and 

positively correlated with the sand content of the soil (Brernner & Chai 1986; Watson et 

at. 1 994a). This may explain the lower effectiveness of NB PT in the field-plot study in 

which soil was the silt loam compared to the sandy loam in the glasshouse experiment. 

The lighter texture of the sandy loam soil probably allowed a greater diffusion of the 

unhydrolysed urea within the soil (Christianson et al. 1 993; Zhengping et at. 1 996), and 

hydrolysis would have taken place below the soil surface, resulting in very low NH3 

losses. However, VI was effective in the field in inhibiting urea hydrolysis, as shown 
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by the soil  NH4 + -N concentration being lower than in the Urine only treatment within 24 

hours of application. Nitrification inhibitor in the Urine+NI+UI treatment kept N in the 

NH4 + form for a longer period than in the Urine+UI treatment, but as the NH4 + ions 

produced were probably below the soil surface this increase in NH/-N did not cause a 

significant increase in NH3 volatilisation. 

The nitrification of NH/ to N03--N following the excretion of urine in pasture 

soils usually occurs within 1 4-60 days (Field et al. 1 985 ;  Shand et al. 2000; Whitehead 

1 995; Williams et al. 1 999; Williams & Haynes 1 994), depending on soil temperature 

and moisture content. A similar time frame was also observed in our study where soil 

N03--N levels in the urine treatment peaked on day 1 2, coinciding with a decline in soi l  

NH/-N concentrations (Figure 6.9). The addition of DCD slowed down the 

nitrification process. These results are similar to those found previously for liquid DCD 

applied to a urine patch (Di & Cameron, 2002b, 2004a; Smith et al. , 2005) and effluent 

(Williamson et aI. , 1 996). In these studies, the DCD was effective in delaying 

nitrification of N H/ to N03--N for upto 99 days when applied to effluent under field­

plot study (Williamson et aI. , 1 996) and for 60- 1 1 0 days after application to cattle urine 

(Cookson & Comforth 2002 and Smith et aI. , 2005). As the rate of DCD is known to 

influence both its longevity and effectiveness in inhibiting nitrification in so il 

(Williamson et al. 1 996; Puttanna et al. 1 999), the DCD application rate needs to be 

taken into account when comparing the results of this study with others. The rate of 

DCD application was lower in the present study (7 kg DCD ha-I ) than in other studies 

reported in the literature ( 1 2  - 1 5  kg DCD ha-I - Williamson et al. 1 996; Williamson et 

al. 1 998; D i  & Cameron 2002b, 2004c); 10 - 30 kg DCD ha-I - Cookson & Comforth, 

2002; Smith et aI. , 2005). Even at this low DCD application rate, there was 

significantly (P<0.05) more N� +-N, and consequently less N03--N, in the plots 

receiving DCD than those not receiving DCD (Urine and Urine+UI). Thus, DCD 

limited the substrate pool for N20 production, directly by reducing nitrification and 

indirectly by reducing the availability of N03--N for denitrification. The N20 fluxes in 

both the urea and urine applications with the addition of Agrotain were not substantially 

different from those in the urea and urine-alone treatments, although there was a smal l  

increase in N20 emissions. Urease inhibitor proved ineffective as a means o f  reducing 

N20 emissions. The rationale for its use to reduce N20 emission was that slower 
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hydrolysis of  urea to NH/, together with the uptake of NH/ by 'grass, would result in a 

generally reduced concentration of N� + in the soil. Thus, lower N� + ions would 

undergo potential nitrification and denitrification. However, this effect on N03--N was 

not translated effectively to a reduction in N20 emissions. 

The combined application of UI and N I  was effective in reducing N20 emissions 

by 50% in both the urea and urine applications. Although DCD enhanced soil NHt + 

concentrations when added with a N source, its combination with Agrotain effectively 

regulated the concentration of NH4 + and N03- in the soil, reducing both nitrification­

denitrification losses and thus causing a reduction in N20 emissions. This is in 

agreement with the results of  XU et al. (2000) who found that hydroquinone (a urease 

inhibitor) and DCD decreased N20 emissions by 25% in plots fertilized with urea. 

These reductions in N20 emission were much higher than the reductions caused by 

DCD alone. 

Under well-drained conditions in both the experiments, the influence of UI on 

the hydrolysis of the applied urea was short-lived (Zhao et al. 1992) and for this reason 

there was not any difference in soil NH/ -N concentrations in the Ur and Ur+UI 

treatments after 36 days. However, the combination of UI with NI gave the highest 

NH/ -N concentration in the soil at the end of the glasshouse experiment. Similarly, the 

rate of decrease in NH/-N concentration was lowest in the Urine+NI+UI treatments in 

the field-plot study. Thus, under these experimental conditions, there was a synergistic 

effect of Agrotain and DCD on the retention of exchangeable NH/-N in soil after an 

application of N source. In comparison with the urea and urine-only treatments, the 

soil samples treated with inhibitors in both experiments had a lower concentration of  

N03--N, with the lowest values in the treatments with NI  (Ur+NI, Urine+NI) and 

combined UI and NI (Ur+UI+NI and Urine+NI+UI). XU et al. (200 1 )  found a 

synergistic effect of DCD and hydroquinone (UI) on urea- 1 5N transformations and 

recovery of fertiliser 1 5N in the soil after the application of urea. 

Application of UI+N I  together to urine induced an increase III N uptake by 

p lants and even increased the pasture yield, as compared to NI and UI added singly to 

urine. An increase in the fertiliser-derived N taken up by the plants in the presence o f  

both urease and nitrification inhibitors has also been found by Soliman & Monem 

( 1 996) in a rice crop and Xu et al. (200 1 )  in a wheat crop. 
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The DCD half life of 28 days at 1 2°C obtained in the present study is almost 

similar to that found in other studies e.g., a half- life of 22 days at 20°C with an 

application of 33/lg DCD-N /g soil (Rajbanshi et al. 1 992) and 39 days at 22°C for 60 

/lg DCD-N /g soil (Williamson et aI. , 1 996). Di & Cameron (2004a) reported the half­

lives of DCD at 8°C and 20° C to be 1 1 1 - 1 1 6  days and 1 8-25 days respectively when 

DCD was applied @ 7.5 and 1 5  kg ha-I . Clearly, soil temperature and soil type are 

important factors in determining the rate of degradation of DCD in soil. No lag phase in 

the degradation of DCD at a temperature of ca. 1 2°C was observed in the present study. 

According to Williamson et aI. , ( 1996), the threshold temperature above which a lag 

phase was not detected occurred between 1 3  and 1 6° C. In the field-plot study, it was 

possible that a short lag phase had occurred at the temperature found in field soil, but 

was undetected because of the long t ime span between the addition of DCD and soil 

sampling, and also because of the low recovery of added DCD in the soil. DCD has 

mostly been applied at rates of 10-30 kg ha-I (Amberger & Germannbauer, 1 990; 

Rodgers et al. , 1 985;  Williamson et al. , 1 998). However, the present study has shown 

that the application rate of 7 .5 kg ha-I is also effective in reducing nitrification when N 

concentrations ofurine-N are high (600 kg N ha- I ) under soil temperatures ranging from 

8 to 1 5°C. 

6.5 Conclusions 

• The combination of  urease and nitrification inhibitors retarded NH3 emissions 

from pasture soil following the application of urea or urine, as compared to the 

application of NI (DCD) alone, which resulted in an increase in NH3 emissions. 

• There was a considerable decrease in N20 emissions from applied urea and urine 

when combined inhibitors were used. The use of UI (Agrotain) alone was 

ineffective in reducing N20 emissions. 

• There was an increase in herbage yield and N uptake using combined inhibitors 

as compared to separate applications of individual inhibitors. 

These studies indicate that there is scope for reducing N H3 and N20 gas emissions from 

urea and urine applied to pasture by using a combination of UI  and NI.  
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In recent decades, DCD has received increasing attention and gradually has 

become the most extensively used nitrification inhibitor (NI) because it is highly 

effective in inhibiting nitrification, non-volatile and completely decomposed into CO2 

and NH/ (Trenkel 1997). However, the effectiveness of  DCD in reducing N losses as 

nitrous oxide (N20) emission and nitrate (N03 -) leaching is quite variable (Davies & 

Williams, 1 995;  Merino et al. 200 1 ;  Prasad & Power, 1 995) and depends on several 

environmental and soil conditions. Most studies involving DCD have focussed on its 

value in enhancing fertilizer and urine N-use efficiency (Di & Cameron 2002b, 2003, 

2004c; Zhu 1 992), but little research has been conducted on its fate in different soil 

types. As DCD is degraded by micro-organisms (e.g., Rhodococcus sp., Pseudomonas 

sp.) (Hallinger et al. 1 990), factors affecting microbial activity are likely to influence 

DCD degradation. 

The bioactivity and persistence of DCD as measured by its half-life decreases with 

an increase in soil temperature (Guiraud et al. 1 989); Di & Cameron 2004a) and organic 

matter content of the soil (Amberger 1 986; Sahrawat et al. 1 987), and increases with an 

increase in the concentration of DCD applied (Puttanna et at. 1 999). The effect of 

temperature on the persistence of DCD in soils is well  established. For example, 

Williamson et at. ( 1996) observed that the rate of degradation of DCD was very low at a 

temperature less than 1 5°C. S imilarly, studies in New Zealand have shown the half-l ive 

of DCD to be 1 1 1 - 1 1 6 days at SOC and 1 8-25 days at 20°C in a silt loam soil when DCD 
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was applied @ 7 .5- 1 5  kg DCD ha"! (Di & Cameron 2004a). Degradation studies of 

DCD in a loamy sand found half lives of 14 .7  days at 22°C and 52 .2 days at  8°C when 

DCD was applied @ 30 mg DCD kg"! soi l  (Bronson et al. 1 989). Clearly, soil type and 

the amount of DCD applied are important factors controlling the degradation of DCD. 

However, the optimum application rate of DCD required for the inhibition of 

nitrification under different soil and climatic conditions is  not clear. A review of the 

l iterature indicates that various levels of DCD have been tested to achieve inhibition of 

nitrification. For example, Reddy ( 1 964) and Rao & Puttanna ( 1 987) found that 

inhibition of nitrification was effective at a DCD application rate of 25 and 1 5-20 mg 

kg"! soil, respectively. McCarty & Brernner ( 1 989) obtained nitrification inhibition in 

three soils for 2 1  days using 10 mg DCD kg"! soil, and Di & Cameron (2004c) found 

that DCD applied even at the low rate of 7 .5  mg kg"! (7.5 kg ha"! ) was effective in 

nitrification inhibition. The work done in New Zealand on DCD degradation by Di & 

Cameron (2002b, 2003, 2004c) is limited to only one soil type. Moreover, it is also not 

c lear that what effect DCD application with urine will have on the general microbial 

population in the soil, apart from reducing the activity of nitrifier bacteria. Thus the 

present study was conducted using four soil types with different concentrations in 

organic matter content, texture and mineralogy, two rates of DCD ( 1 0  and 20 kg DCD 

ha"' ), and one rate of urine (600 mg N kg"l ) application at a constant temperature; 

specific objectives were: 

1 .  To quantify the rate o f  degradation of DCD in four contrasting soils. 

2. To study the influence of soil type on DCD effectiveness in inhibiting 

nitrification, and thus affecting N20 emissions. 

3 .  To assess the effect of  DCD application on microbial activity as measured by 

microbial biomass and respiration in four contrasting soils. 
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7.2 Materials and Methods 

7.2. 1 Soil sampling and preparation 

Four pasture soils under intensive dairy farming from North Island (Tokomaru 

silt loam, Manawatu sandy loam, Egmont brown loam and Horotiu silt loam) which 

varied in organic matter (C and N concentration), texture and mineralogy were selected 

(Table 7. 1 ). Bulk samples (0- 1 0  cm depth) were collected with a shovel from three 

locations on each site. Field moist soils were sieved through a 2-mm sieve. Soil 

moisture contents were adjusted to - 1 0  kPa pressure (taken as field capacity moisture 

content) 4 kg soil were pre-incubated for 4 weeks at 25°C. 

Table 7.1 Selected properties of the soils sampled at 0-1 0  cm depth 

Tokomaru silt Manawatu Egmont brown Horotiu silt 
loam sandy loam loam loam 

Non-allophanic Allophanic 

Soil type Argillic fragic Dystric Typic Typic Orthic 
Perch-gley Fluventic Dystrandept Allophanic Soil 

Pallic Eutrochrept 
pH 5 .62 5.25 5 . 64 5 .95 
CEC 22.3 10.0 27. 1 35 .6 
(cmolc kg,l ) 
Total C (%) 3 .07 3 .9 1  8 .47 6.59 
Total N (%) 0.29 0.40 0.8 1 0.57 
Sand (%) 8 .5  62.5  55 .0  30 .5  
Silt (%) 68.4 25 .3 22 .8 52 
Cla� (%) 23 .0 1 2  22.0 1 7  

7.2.2 Experimental set-up 

Four treatments with three replications each were used in this experiment. 

These included: (i) water only (control), (ii) 600 mg N kg'! as dairy cow urine, (iii) 600 

mg N kg,l as dairy cow urine plus 1 0  mg DCD kg'! soil and ( iv) 600 mg N kg'! as dairy 

cow urine plus 20 mg DCD kg,l . These treatments are, hereafter, referred to as control, 

urine only, urine+DCD l and urine+DCD2, respectively. To calculate the application 

rate of treatments, the bulk density of all the soils was assumed to be 1 Mg m,
3
. Fresh 
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urine was collected from lactating dairy cows at  Massey University No . 4 dairy farm 

and the DCD was dissolved in water before applying to the soils. 

The urine-N rate of 600 mg N kg-I was used to simulate the N loading rate under 

a typical dairy cow urine patch in a grazed pasture soil. The two DCD rates were 

designed to test whether these are sufficient to inhibit nitrification in all the soils at 

25°C. 

Samples of each soil ( 1 kg oven-dry equivalent) were weighed into polythene 

bags and the treated soils were incubated at 25°C.  The soil moisture content was 

maintained near 80% field capacity moisture content by monitoring the weight changes 

or each soil sample and adding water to it. Changes in DCD, NH/-N, N03--N 

concentrations over t ime in the soil were used to measure the effectiveness of DCD in 

inhibiting nitrification. 

Influence of DeD on N20 and CO2 emissions fro m  different soils 

A parallel incubation study was conducted for 58 days to measure the N20 and 

CO2 emissions from these soils receiving the same treatments, where 80 g of soil (oven­

dry equivalent) was weighed into a urine cup ( 1 25 ml), treated and p laced in Agee jars 

of 1 . 8  I volume. The jars were sealed with air-tight screw-cap lids having a rubber 

septum in them. The gas samples for both N20 and CO2 were taken after closing the 

jars for 24 hours. After every gas measurement, jars were left open to equilibrate with 

the ambient atmosphere and water was added, if required, to maintain the soil moisture 

constant at 80% field capacity. The gas samples were taken daily for the first week, 

followed by every alternate day for the second week and then twice a week for the third 

week. Subsequent measurements were taken once a week for four more weeks. The gas 

samples were analysed using a Shimadzu GC - 1 7  A gas chromatograph with a 63Ni­

Electron capture detector, and N20 and C02 fluxes (mg kg- I soil d- I ) were then 

calculated using the equation of Mosier & Mack ( 1980) given in Chapter 3. Cumulative 

fluxes were calculated from the area under the curve relating daily fluxes to the 

measurement period. 
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7.2.3 Soil analysis 

7.2.3.1  DeD analysis 

Sub samples of 1 09 (oven dry equivalent) soil were taken from each bag on 0, 1 ,  

3 ,  6, 1 6, 23, 3 1  and 40 days of incubation and were extracted with de ionised water ( 1 :2 

soil to water ratio) with 1 hr shaking, fo llowed by centrifugation and filtration (Toyo 5C 

filter paper) . The extracts were analysed for DCD concentration using a colorimetric 

method at 540 nm (Vilsmeier, 1 982). 

7.2.3.2 Mineral nitrogen, soil pH and soil texture 

Sub samples of 5 g (oven dry equivalent) were taken on 1 ,  3, 6, 1 6, 3 1  and 40 

days of incubation from each replicate to determine the concentration ofNH/ and N03-

-N, as discussed in Section 4.2.4.2. Soil pH was measured on 1 ,  3,  5, 12 ,  19, and 40 

days after incubation at a 1 :2.5 soil: water ratio using a combined electrode pH meter 

(Blakemore et al. 1 987)_ 

Determination of particle size-fractions (sand, silt and clay) was carried out 

following the hydrometer method (Bouyoucos 1 962). 

Total C and N in the soil were measured by combustion in a Leco FP-2000 CNS 

(LECO Corp., St Joseph, MI, USA). 

7.2.3 .3 Microbial biomass carbon 

Soil microbial biomass C (Vance et al. 1 987) was determined on 1,  3 ,  6, 1 6, 3 1  

and 40 days of incubation by using duplicate sub-samples of 5 g (oven dry equivalent) 

from each replicate. This method is discussed in detail by (Ross 1 992). In brief, one­

half of the above mentioned soil samples was chloroform fumigated. Both the 

fumigated and unfumigated soi l  samples were extracted with 0.05 M K2S04• Carbon in 

the subsequent filtrates was determined with a high TOC 1 1  (total organic carbon) 

analyser. Microbial-C flush was calculated as the difference between the amount of C 

extracted from the fumigated and unfumigated samples and converted to microbial 

biomass C using the relationship: microbial C = C flush/0.41 (Sparling & West 1 988). 
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7.2.4 Estimation of nitrification inhibition index 

A nitrification inhibition index was calculated at sampling days 1 , 3 , 6, 1 6, 3 1  and 40 to 

indicate the effectiveness of DCD, using the following formula (McCarty & Brernner 

1 989): 

(C - T) / C x l OO (7. 1)  

where T and C are the concentrations of NO-3-N (urine treatments) in the presence and 

absence of DCD (N03--N in the control treatment was subtracted from both T and C), 

respectively. 

7.2 .5 Dicyandiamide half-life 

The following first-order equation was used to calculate the degradation rate of 

DCD from the data obtained over an incubation period of (40 days): 

N = No exp( -kt) (7.2) 

where N is the amount of DCD remaining in the soil at time (t), No is the amount of 

DCD recovered at the beginning of the experiment in the soil and k i s  the decay 

constant. The DCD half- life (ty,) was calculated as discussed in Section 6.2.6 of 

Chapter 6. 

7.2.6 Statistical analysis 

The mean values ofDCD, NH/ and N03--N, soil pH and so il microbial biomass 

C were calculated from three replicates of each treatment, and least significant 

difference ( l.s.d.) values were calculated following analysis of  variance using SAS 

version 8. The 5% confidence level is regarded as statistically different. An analysis of 

variance for N20 and C02 emissions and regression analysis for the degradation rate of 

DCD was also carried out using SAS package. 
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7.3 Results 

7.3.1  Degradation of DCD 

Recovery of Den at day 0 in the four soils varied between 80 and 1 00%. The 

Tokomaru and Manawatu soils showed a higher recovery of 98% and 100%, as 

compared to the 92% in the Egmont soils and 80% in the Horotiu soil. The soil-extract 

colour was observed to be darker in the high organic-C allophanic soils (Egmont and 

Horotiu soils) as compared to the other two soils. The concentration of DCD in all the 

soils, except Horotiu, decreased rapidly with time and the amount remaining in the soil 

became negligible by 40 days of incubation at both application rates (Figure 7. 1 ) .  The 

DCD applied at the higher rate maintained a higher DCn concentration in all the four 

soils throughout the study period. The ty, (time taken by DCD to reduce to half of init ial 

values) varied among the soils (Table 7 .2). The ty, was higher (P< 0.05) with the 

application of 20 mg DCn kg-1 soil than with 1 0  mg DCD kg- 1 soil in all the soils 

except Horotiu soil. The highest DCD ty, of 3 1 .9 (DCD2) and 38 .7  (DCD l )  days were 

obtained in the Horotiu soil and the lowest (6.56 and 1 0.7 days) in the Egmont soil. The 

change in the concentration ofDCD with time in soils varied with both the soil type and 

rate ofDCD applied. 

Table 7.2 Half-life (t,!.) of DeD in four soils following the application of urine (600 

m g  N kg-1 soil) and DeD at the rates of 10 and 20 mg DeD kg-' soil 

Soil nCD application Degradation rate Half-life R2 

rate (mg kg-1 soil} constant {dat1) {da�s) 
Tokomaru soil 1 0  0.069 1 ± 0.008 1 0.0 ± 1 . 1 8  0.87 

20 0.0446 ± 0.003 1 5 . 5  ± 1 .05 0.97 

Manawatu soil 1 0  0.0707 ± 0.006 9 .80 ± 0.84 0.93 

20 0.0526 ± 0.003 1 3 .2 ± 0.75 0.99 

Egmont soil 1 0  0. 1 056 ± 0.0 1 1 6.56 ± 0.69 0.91 

20 0.0646 ± 0.003 1 0. 7  ± 0.50 0.99 

Horotiu soil 1 0  0.0 1 79 ± 0.002 38 .7  ± 4.38 0.88 

20 0.02 1 7  ± 0.00 1 3 1 .9 ± 1 .47 0.96 
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7.3.2 Effect of DeD 

7.3.2.1  Nitrous oxide e mission 

Application of urine resulted in sharp increases in N20 emission in all the four 

soils with the peak emissions attained within a day. The emissions decreased sharply on 

the next day (Figure 7.2). The highest N20 emission peak was measured in the 

Manawatu soil (2 .52 mg N kg- I d" 1 soil), followed by the Tokomaru soil (2 . 1 1 mg N kg" 

I d"l soil), Egmont soil (0.728 mg N kg"l d"1 soil) and Horotiu soil (0.2 1 1 mg N kg"ld"1 

soil) . However, another peak of 0.47 1 mg N kg" ld- 1 soil was observed in the Horotiu 

soil on day 1 2. In the Tokomaru soil, a second smaller peak (0.39  mg N kg"1 soil) was 

observed on day 1 7  (Figure 7.2). The total N20 emitted over the incubation period of 58 

days after urine appl ication was highest in Tokomaru soil ( 1 1 .2 mg N kg"1 soil), 

fo llowed by Egmont ( 1 0 .3 mg N kg" 1 soil), Manawatu (8. 1 3  mg N kg"1 soil) and Horotiu 

(7.04 mg N kg"1 soil) soils. Addition of DCD at both rates significantly reduced peak 

emissions in all the soils, and also maintained lower N20 emissions than those from the 

urine-alone treatment throughout the incubation period. Maximum emissions reduction 

(85 and 90%) were obtained in Tokomaru soil, with cumulative N20 emissions reduced 

from 1 1 .2 to 1 .93 and 1 .34 mg N kg"1 soil with the addit ion of DCD l and DCD2, 

respectively (Table 7.3). In Horotiu soil, emission reductions were 60 and 63% and in 

Manawatu soil 56 and 57%, with DCD 1 and OC02, respectively. The lowest reductions 

of 42 and 45% were observed in Egmont soil. Although, a higher reduction of N20 

emission was obtained when DCD was added at the higher rate (OCD2), to all four 

soils, the difference in N20 reduction between the DCD2 and DCO 1 rates was not 

significant. The N20 emission flux in the control treatments of all the soils remained 

almost constant throughout the incubation period, with cumulative N20 emissions 

ranging from 0. 1 4  to 0.39 mg N kg"l soil (Table 7.3). 
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Table 7.3 Total N emitted as N20-N (mg N kg-
1 

soil) for the four  soils over the 

incubation period of 50 days 

Treatment Total N2O-N % reduction in N20-
(mg kg- l soil) N with DCD 

Tokomaru silt loam 

Control 0.27 c 

Urine only 1 1 .2 a 

Urine+DCD l  1 .93 b 85 % 

Urine+DCD2 1 .34 bc 90 % 

L.S.D. (0.05%) 1 . 1 4 

Manawatu sandy loam 

Control 0.39 c* 

Urine only 8. 1 3a 

Urine+DCD l  3 .75 b 56 % 

Urine+DCD2 3 .7 1 b 57 % 

L.S.D. (0.05%) 1 .26 

Egmont brown loam 

Control 0.22 c 

Urine only 1 0.3  a 

Urine+DCD l  6. 1 0  b 42 % 

Urine+DCD2 5 .80 b 45 % 

L.S.D. (0.05%) 1 .64 

Horotiu silt loam 

Control 0. 14  c 

Urine only 7.04 a 

Urine+DCD l 2.87 b 60 % 

Urine+DCD2 2.67 b 63 % 

L.S.D. (0.05%) 0.54 

* Values followed by the same letter under one soil type do not differ significantly at the 0.05 level 
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7.3.2.2 Carbon-dioxide emission 

In all the four soils, the amount of CO2 respired was least in the control treatment, and 

highest in the urine treatments (Figure 7.3) .  Addition of  DCD to urine resulted in a 

slight reduction of total CO2-C respired in all the soils, although this reduction was not 

significant. The basal CO2 respired in the control treatment during the 58 day 

incubation was highest in Manawatu soil (900 mg C kg-l soil), followed by Egmont soil 

(750 mg C kg-l soil), Tokomaru soil (622 mg C kg- l soil) and Horotiu soil (567 mg C kg­
l soil). The C02 respired from urine only, urine+DCD l and urine+DCD2 was, 

respectively, 1 604, 1 261  and 1 209 mg kg-l in Tokomaru soil, 1 592, 1 428 and 1 340 mg 

kg-l in Manawatu soil, 1 365, 127 1  and 1 1 74 mg kg-l in Egmont soil and 1 022, 995 and 

747 mg kg-l in Horotiu soil (Figure 7.3). The CO2 evolution peaked within a day o f  

application of the urine and urine plus DCD treatments in all the four soils and 

emissions were significantly higher than those in the control (water only) soils 

(Appendix 2). The h ighest peak was 454 mg CO2-C kg-l soil dol in both the Tokomaru 

and Manawatu soils, followed by 328 mg CO2-C kg-l soil dol in Egmont soil and 307 mg 

CO2-C kg-l soil dol in Horotiu soil (Appendix 2). These emissions declined sharply in 

all the urine-treated soils and were similar to those in the control soils after 5 to 7 days 

incubation. The highest increase in CO2 emissions with urine application was observed 

in the Tokomaru soil, with a 2-fo ld increase over the control (Figure 7.3) .  
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7.3 .2.3 Mineral nitrogen 

The effectiveness of DCD in inhibiting nitrification can be estimated from its 

ability in maintaining N in the N�+-N form for a sufficient period of time before DCD 

degrades and thereby allows nitrification to proceed. The N� +-N concentrations 

increased within a day in all the soils receiving urine and urine p lus DCD treatments 

(Figure 7.4). Peak concentrations were observed 1 -3 days after incubation, reaching 

506, 476, 432 and 440 mg NH/-N kg-! soil in the Tokomaru, Manawatu, Egmont and 

Horotiu soils, respectively, in the urine-only treatment, and then subsequently declined 

(Figure 7.4). The rate of production o f N�+-N following urine application varied with 

both the soil type and rate of DCD applied. There was some DCD rate x soil type 

interaction (Table 7.4). In all soils, the effect of DCD appl ication on NH/-N was 

observed from day 6, with s ignificantly higher (P < 0.05) NRt + -N concentration in soils 

with DCD as compared to those in soils with urine only. The NRt + concentration was 

generally higher with 20 mg DCD kg-! soil than with 10 mg DCD kg-! soil, although the 

difference was only significant on days 1 6  and 33 (Figure 7.4) .  The ratio of NRt+-N 

concentrations found in urine-treated soil with DCD to those in soil without DCD were 

highest in Horotiu soil, ranging from 3 .3  (DCD l )  to 1 1  (DCD2) after day 1 6  until the 

end of  the incubation period. This ratio ranged from 1 .7 to 2.5 for Tokomaru soil, from 

1 .2 to 1 .8 in Manawatu soil, and from 1 .05 to 2.5 in Egmont soil (Figure 7.4) after day 

1 6  until the end of the incubation period. The N� + concentration in the control of all 

four soils remained almost constant, with only slight fluctuations, and ranged from 0.85 

to 4.54, 4.48 to 8.64, 0.59 to 2.85 and 0.08 to 2.37 mg N kg-! soil in the Tokomaru, 

Manawatu, Egmont and Horotiu soils, respectively, during the incubation period. 
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N itrate concentrations increased with time after the application of urine-N in all 

the soils with and without DCD, and were significantly higher than those of the contro l 

treatment throughout the incubation (Figure 7 .5) .  Peak N03'-N concentrations of 4 1 2, 

393, 546 and 52 1 mg N kg-I soil were observed on day 1 6  with the urine application to 

Tokomaru, Manawatu, Egmont and Horotiu soils, respectively. This coincided with the 

sharp decrease in NH/-N on day 16 in these soils (Figure 7.4). Generally, the addition 

of DCD at both rates decreased (P<0.05) N03- concentrations in all four so ils and no 

such peaks were observed. For the first 3 days, N03--N concentrations in the urine 

treatments in all the soils were variable and showed no effect of added DCD on N03--N 

concentration. The decrease in N03 --N concentration with added DCD in the urine 

treatment increased with the rate of DCD application; however, this difference in 

reduction was not significant (P > 0.05) on a few sampling days. The concentration of 

N03--N in the soil was affected by both the soil type and rate of DCD application, and 

some rate x soil type interactions were also observed (Table 7.4). The N03--N 

concentrations in the control treatment of all four soils did not change much over time 

and ranged from 5.70 to 9 .85, 1 4.8  to 1 8.2, 1 4.4 to 1 9.5  and 1 3 .9 to 1 5 .7 mg N kg-I soil 

in the Tokomaru, Manawatu, Egmont and Horotiu soils, respectively (Figure 7.5) .  

An attempt was made to relate the rate of change in soil  NH/-N concentrations 

with t ime to that of N03 --N concentrations. For example, in the urine-only treatment, 

the rate of change of NH/-N concentrations, calculated for the period between peak 

concentrations and the day they reached the background level (day 3 1 ), was - 14 .3 ,  -

1 0 .6, - 1 2.2 and - 1 4.9 mg kg- I soil d-I for the Tokomaru, Manawatu, Egmont and 

Horotiu soils, respectively. The rate of change of N03--N in the urine-only treatments 

for the same period was 1 0.4, 7 .3 ,  9.8 and 1 1 .9 mg kg-I soil d-I respectively, for the 

Tokomaru, Manawatu, Egmont and Horotiu soils. The rate of increase in N03--N was 

less than the rate of decrease in NIl. +, and the differences could be attributed to NH3 

volatilisation, immobilisation of NIl. + and N03 --N, and denitrification; however, under 

the present experimental conditions, the potential for denitrification was low and there 

was no N03- leaching. The rate of change in N H/ and N03--N concentrations in the 

soils with t ime was affected by the addition of DCD, but the differences between the 

rates were insignificant for all soils in the presence of inhibitors. 
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Table 7.4 

Time (Days) 

I 

3 

6 

1 6  

3 1  

40 

1 7 1  

Levels of significant differences between soil type and DeD rates on 

NH/-N, N03--N and DCD-N concentrations in the soil at different 

times during the experiment. 

Source of NH/-N NO-3-N 

Variation 

Soil Type n.s. * *  

DCD rate * n.s. 
Soil X DCD rate n.s. * 

Soil Type * * *  

DCD rate n.s. * *  

Soil X DCD rate * * 

Soil Type * *  * *  

DCD rate * * *  

Soil X DCD rate * *  * 

Soil Type * *  * *  

DCD rate * *  * *  

Soil X DCD rate * *  * *  

Soil Type * *  * *  

DCD rate * *  * *  

Soil X DCD rate * *  * *  

Soil Type * *  * *  

DCD rate * *  * *  

Soil X DCD rate * *  * 

Analysis of variance performed only on soils receiving DCD 
n. s. not significant, * significant (P<0.05), * *  highly s ignificant (P<O.O 1 ). 
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7.3.2.4 Nitrification inhibition 

The nitrification inhibit ion index (NIl) varied among the four soils but increased with 

time in all of them until it attained a peak value between days 6- 1 6  (Figure 7.6). 

Maximum inhibition (P<O.05) in the DCD2 treatment was found in Tokomaru soil (66.7 

%) followed by Horotiu soil (6 1 . 8%), Manawatu soil (39.2%) and Egmont soil (37.4%). 

The peak period of NIl generally coincided with the peak period for the nitrification o f  

urine N (Figure 7.5) . The nitrification inhibition index differed between the two rates o f  

DCD only on a few days during the incubation, but, in general, was higher at the higher 

DCD application rate (Figure 7.6); an exception was in Egmont soil. Very small or 

negative NIl values were observed at the beginning of the incubation; these coincided 

with low N03- concentration in the soils (Figure 7.5) . 

7.3.2.5 Microbial biomass carbon 

The changes in microbial biomass were monitored only on days 1, 3 and 7, after the 

application of the treatments to the soils. The microbial biomass C fluctuated with both 

time and urine application (with and without DCD) but, generally, the differences were 

not significant (Table 7.3) .  The mean microbial biomass concentration over the first 7 

days was higher in Egmont ( 1 067 mg C kg- 1 soil) and Tokomaru ( l 003 mg C kg-l soil) 

soils than in Horotiu (977 mg kg-1 soil) and Manawatu (683 mg kg- 1 soil) soils. 

Application of urine, with or without DCD, resulted in a slight increase in microbial 

biomass C over the control treatment in all the soils except Horotiu soil (Table 7.5).  

There was no consistent effect of the DCD application rate on microbial biomass C in 

any of the soils. 
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Table 7.5 Total microbial biomass C (mg kg-1 soil) for various treatments in  

four  different soils at various periods during the incubation. 

Treatment Microbial biomass C (mg kg-
l 

soil) 

Day 1 Day 3 Day 7 

Tokomaru silt loam 

Control 1 1 3 1  b 770 b 1 1 07 b 

Urine only 1 1 05 b 957 ab 1 325 a 

Urine+DCD l 1 1 82 b 1 023 a 1 274 ab 

Urine+DCD2 1 384 a 923 ab 1 023 b 

L.S.D. (0.05%) 1 34 228 3 1 9 

Manawatu sandy loam 

Control 805 a 6 1 8 a 626 b 

Urine only 1 038 a 760 a 890 a 

Urine+DCD l 975 a 944 a 984 a 

Urine+DCD2 89 1 a 645 a 1 004 a 

L.S.D. (0.05%) 349 388 1 6 1  

Egmont brown loam 

Control 1 063 a 1 1 50 a 989 b 

Urine only 1 197 a 1 1 45 a 1 20 1  ab 

Urine+DCD l  1 1 58 a 963 a 1 1 99 ab 

Urine+DCD2 1 1 58 a 936 a 1 245 a 

L.S.D. (0.05%) 222 373 230 

Horotiu silt loam 

Control 958 a 985 a 988 ab 

Urine only 828 a 765 a 92 1 b 

Urine+DCD l  887 a 724 a 1 1 90 a 

Urine+DCD2 920 a 867 a 1 050 ab 

L.S.D. (0.05%) 1 96 292 246 

* Values followed by the same letter under each soil type and day do not differ significantly at the 0.05 
level 
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7.3.2.6 Soil pH 

The pH of the four soils ranged from 5 .25  to  5 .95 . During the incubation, the 

pH in the control treatment showed an initial s light fluctuation in all four soils but then 

remained almost constant for the entire incubation period. 

Addition of urine, both with and without DCD, increased the pH within a day in 

all the soils (Figure 7 .7). In the urine-only treatment, the pH decreased sharply after day 

5,  followed by a gradual decrease, and was lower than the pH of the control treatment 

by the end of the experiment. The addition of DCD to urine resulted in only a gradual 

decrease in pH after the peak value, compared to the urine-only treatment, and the pH 

remained significantly higher in the DCD treatments than urine-only treatments till the 

end of the experiment. Hydrolysis of urea-N contained in urine to N �  + may have 

produced enough OH- ions to temporarily raise the pH of the soil. These N� + ions get 

nitrified quickly and a sharp decrease in pH was observed in urine treatments. As 

nitrification generates 2 protons per ion of N� + nitrified, the increase in soil acidity 

was expected. The addit ion of DCD inhibited the nitrification process, which resulted 

in the gradual decrease in so il pH compared to its urine-only treatment. No  significant 

difference was observed in soil pH with the different DCD rates. 
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7.4 General Discussion 

The results in this chapter indicate that: (i) the rate of DCD degradation was 

affected by both the level of DCD application and soil type; ( ii) DCD caused a 

significant inhibition of  nitrification of urine N,  as measured by its nitrification 

inhibition index; ( iii) DCD application caused a significant decrease in N20 emissions 

from urine nitrogen; ( iv) DCD application did not cause any significant impact on 

microbial activity as measured by microbial biomass and respiration. These 

observations are discussed below. 

The recovery of DCD using water as an extractant immediately after addition to 

soils (i .e at day 0) varied with the soil type, ranging from 80 to 1 00%. The difference in 

recovery between the soils may be attributed to the interference resulting from the 

colour of the soil extract and/or the sorption of DCD by soil colloids. The interference 

from soil colour was adjusted by using appropriate control samples during the 

colorimetric measurement of DCD. Dicyandiamide sorption takes p lace mainly on 

organic matter surface sites as the DCD molecule containing two active functional 

groups (-NH2 and =NH), bound to the carboxyl (COOH) functional groups of organic 

matter through hydrogen bonds ( Bowatte 2003 ; Zhang et al. 2004). This may be the 

main reason for the low recovery of DCD in the Horotiu (80%) and Egmont (92%) 

soils. Both these soils are high in organic matter (Table 7 . 1 ), but differed in their CEC 

and the nature of the al lophane, which resulted in differences in DCD sorption between 

the two soils. These observations are supported by the results obtained by Zhang et al. , 

(2004), which showed that a mollisol with comparatively high organic matter and CEC 

sorbed more DCD, as compared to an alfisol with lower organic matter and CEC. 

The degradation of DCD, as shown by the DCD concentrations in the soil and 

the estimated DCD half-life (ty,) value, varied with the level of DCD application and the 

soil type (Table 7.2). These observations are supported by the studies of  Rajbanshi et 

al. , ( 1 992), Puttanna et al. , ( 1 999), and Williamson et al. , ( 1 996) who found that, in 

arable and pasture soils that were not pre-exposed to DCD, the rate of degradation of 

DCD decreased with increasing level of DCD application. In soils that received 

repeated applications of DCD, the rate of degradation of DCD was rapid and was less 

affected by the level o f  DCD application. The effect of level of DCD application on 
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degradation, especially in freshly treated soils, may be attributed to the lag period 

required for the buildup in microbial communities involved in the degradation of DCD. 

There was no significant difference in the rate of degradation of DCD in the two 

non-allophanic soils. However, in the allophanic soils, the rate of degradation was faster 

in Egmont so il (t1/2 = 6.67 to 10.7) than in Horotiu soil (t1 /2 = 3 1 .9 to 3 8.7), which may 

be again attributed to the difference in the organic matter and allophane content in the 

two soils. DCD is known to decompose more rapidly when the soil organic matter 

content is high (Amberger & Vilsmeier 1 979), as in the Egmont soil. 

The results from the incubation studies reported in this chapter showed DCD 

was effective in inhibiting nitrification at both application rates and the effectiveness 

varied among the four soils. The concentration of NH/ -N was higher in the presence 

than absence of DCD in the urine treatments, and the difference was pronounced in the 

Horotiu silt loam soil which had 1 8  to 26% NHt + of the initial quantity in DCD-treated 

soils, as compared to 2.9% in the urine-only treated soil at the end of the incubation 

period (40 days). Tokomaru silt loam soil then had 36-38% NHt + in the DCD treatments 

as compared to 17% of the initial quantity in the urine-only treatment; relative 

percentages of NHt+ were lower in the Manawatu and Egmont soils (Figure 7.4). 

Another index used to measure the inhibition by DCD was the nitrification inhibition 

index (NIl) which gave highest values in Tokomaru silt loam, followed by Horotiu silt 

loam and then Manawatu and Egmont soils (Figure 7 .6). McCarty & Brernner ( 1 989) 

also found that the NIl values for DCD applied @ 5 mg kg· ' soil varied from 8 to 4 1  % 

in three different soil types at 25° C. The variation in the effectiveness of DCD in 

inhibiting nitrification in the soils could be attributed to a number of factors that include 

different organic matter content, aggregate size and pH of the soil (Reddy 1 964 ; Zhang 

et al. 2004). Maximum reduction in N20 emissions with DCD addition to urine was 

observed in Tokomaru silt loam, followed by Horotiu silt loam soil> Manawatu soil> 

Egmont soil; this agreed with the NIl. 

The total N20 emitted over the incubation period of 58 days after urme 

application was highest in Tokomaru soil ( 1 1 .2 mg N kg·' soil) followed by Egmont 

( 1 0.3 mg N kg· ' soil), Manawatu (8. 1 3  mg N kg·1 soil) and Horotiu (7.04 mg N kg· ' 

soil) soils. Clough et at. ( 1 996, 1 998) found that the levels of N20 emissions from an 

organic soil receiving urine N at 500- 1 000 kg N ha· 1 were not significantly different to 
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those from mineral soil. The results in this study showed that N20 emissions resulting 

from urine application were slightly higher (although non-significant) in non-allophanic 

(Tokomaru and Manawatu soil) than allophanic (Egmont and Horotiu soil) soils. 

However, the two non-allophanic soils in this study contain less organic matter (Table 

7 . 1 )  than the two allophanic soils. The difference in urine-born N20 emission between 

these two groups of soils could be attributed to the differences in the nature and amount 

of c lay and the structural properties of the soils (Clough et at. 1 998;  Khalil et at. 2006). 

Egmont and Horotiu soils had comparatively high total C concentrations (Table 

7. 1 ) .  However, microbial biomass C concentrations were higher in the Tokomaru and 

Egmont soils than in the Horotiu and Manawatu soils (Table 7 .5) ;  this may be attributed 

to the difference in clay content in these soils (Table 7. 1 ) .  It has often been shown that 

c lay particles protect microbial metabolities produced during the decomposition of  

organic substrates (Ladd et al. 1 98 1 ;  McGill et al. 1 98 1 ). 

The results from this study clearly show that DCD applied at either rate did not 

have a significant impact on the microbial biomass. Appl ication of urine is likely to 

increase the soluble carbon content of soil through urine-derived carbon input and pH­

induced solubilization of soil carbon (Kelliher et al. 2005). However, in this study, the 

addition of urine, both with and without DCD, did not cause any consistent change in 

microbial biomass C levels. Di & Cameron (2004a) also did not fmd any obvious effect 

of urine application, in the presence and absence of DCD, on microbial biomass C 

concentrations of soil under pasture. 

Microbial respiration, as measured by C02 release, increased within a day of the 

application of urine, both with and without DCD, in all the so ils suggesting an 

immediate and significant rise in microbial activity. Urine contains a very small 

(0.0 1  %) amount of soluble C, so this increase in respiration could be explained by the 

solubilization of  soil organic C with the urine application (Monaghan & Barraclough 

1 993) providing substrate for increased metabolism. Moreover, the hydrolysis of urea 

produces C02, so the measured levels of CO2 from the treated soils would have been 

derived from both urea hydrolysis and increased microbial respiration. 

The CO2 production was higher in Manawatu ( 1 3 1 4  mg C02-C kg-I soil) and 

Tokomaru ( 1 1 74 mg CO2-C kg-I so il) soils (non-allophanic) than in Egmont ( 1 140 mg 

CO2-C kg-I soil) and Horotiu (833 mg CO2-C kg- I soil) soils (allophanic). It has been 
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found that allophane protects the microbial metabolites produced during decomposition 

of organic substrate or stabilizes organic residues and microbial biomass (Saggar et al. 

1 994). Thus, in soils with high allophane content, micro-organisms could have diverted 

more C metabolites to new biomass, resulting in reduced CO2 emission. Similarly, 

Martin et al. ( 1 982), who compared the release of C as CO2 from a number of  

allophanic and non-allophanic soils of Chile, found that allophanic soils with 

comparatively high organic matter (8.8- 1 6. 1 %) lost from 920- 1 9 1 0  mg C kg-! soi l  

compared to  1 430 - 2430 mg C kg-! soil in non-allophanic soils with a lower organic 

matter concentration ( 1 .6-2.6 %). 

Addition ofDCD at both rates did not show any significant impact on CO2 emitted from 

the urine-treated soils, as compared to the urine-alone treatments, though a small 

decrease was observed. Results found by Weiske et al. (200 1 )  from a three-year field 

study however, showed that Nls (DCD and DMPP) decreased CO2 emission from 

fertilized plots by 7- 1 0% and 28% respectively as compared to plots without Nls. No 

other reports on the side-effects of DCD on C mineralization could be found in the 

literature and thus results need to be further tested under field conditions. 

7.5 Conclusions 

From the results obtained in this study, the following conclusions can be drawn: 

• The rate of degradation of DCD varied between the soils, with the differences 

being greater in the allophanic soils with high organic matter. 

• Dicyandiamide was effective in reducing N20 emissions from all the soil types 

at both application rates of 1 0  and 20 mg DCD kg- ! soil. 

• The effectiveness of DCD in inhibiting nitrification varied considerably between 

soils; this was attributed to the difference in the nature and amount of soil 

organic matter and clay content. Maximum inhibition was observed in the so il 

with low organic matter and a high clay content 

• Although DCD was effective in inhibiting nitrification, there was no consistent 

relationship between nitrification inhibition and rate ofDCD degradation. 
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• Application of DCD did not result in any change in microbial b iomass and 

respiration rate in the soils. 
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Chapter 8 

Modelling the effect of nitrification 

inhibitor (DeD) on nitrous oxide emissions 

from urine application 

8.1  Introduction 

Currently there is an increasing interest and research activity in New Zealand in 

the use of nitrification inhibitors (Nis) as one of the mitigation options for reducing 

N20 emissions from grazed pastures. New Zealand government draft policy 

(http://www .maf.govt.nzJclimatechange/discussion-document/ l l -pillars.htm) 

recommends farmers to use NIs with N fertilisers and, in grazed pastures, to reduce 

environmental effects of N pollution through leaching and gaseous emission, thereby 

avoiding penalties. Government-funded incentives are proposed to encourage farmers 

to use NIs. Information is needed, therefore, to obtain realistic emission-reduction 

estimates from NIs at multiple scales. But the current IPCC approach for calculating 

N20 emissions from agricultural and managed pastoral soils used in New Zealand 

(Ministry of Environment 2005) is not sufficiently flexible to allow the assessment of 

mitigation options. 

The emissions rates from excretal input and from various soil types in New 

Zealand are very different and uncertain, as also shown in Chapter 7 of this thesis. 

This makes extrapolation to regional scales and beyond very challenging. Saggar et 

at. (2002) initiated a more robust, process-based approach to estimate field-scale N20 

emission estimates for grazed pasture systems, that is internationally acceptable and 

quantifies N20 emissions at the field level more accurately, by adapting the 

denitrification-decomposition (DNDC) model developed by Li et at. ( 1 992a, b) to 
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New Zealand conditions. The major modifications are related to pasture growth, N 

input from animals, evapo-transpiration and soil moisture regimes (Giltrap et at. 
2004; Saggar et al. 2004a; Saggar et al. 2007a) . The adapted NZ-DNDC model has 

been validated for N20 emissions against field measurements from two dairy pastures 

with contrasting soil types (Saggar et al. 2004a) and from a sheep pasture (Saggar et 

al. 2007b). The model simulated effectively the soil water-filled pore-space (WFPS) 

which is considered to be one of the important soil properties controlling N20 

emissions, and general pulses and trends in N20 emissions from both sheep and dairy­

grazed pastures, and also captured the observed effects of excretal and fertiliser N 

inputs on N20 emissions. A series of sensitivity tests conducted on NZ-DNDC 

showed that the model predicted well the changes in pasture production and N20 

emissions with changes in climate, soil properties, fertiliser management and grazing 

regimes (Saggar et al. 2007a). The results of these model simulations demonstrate the 

value and flexibility of the process-based modelling approach for assessing the 

efficacy of potential N20 mitigation options. 

Most of the New Zealand research on NIs in pastoral agriculture is concentrated 

on the use of dicyandiamide (DCD) (Franc is et aI., 1 995, Williamson et al., 1 998; Di  

& Cameron 2002b, 2003 , 2004b,c) which shows that DCD reduces N03- leaching and 

N20 emissions and has the potential to reduce environmental impacts of N use. 

Results from my laboratory incubation study discussed in Chapter 7, on the 

effectiveness ofDCD applied to cattle urine, show emissions reductions vary with soil 

organic C content, mineralogy and soil texture. Therefore, a single emission reduction 

factor cannot be applied across a range of soil types and climate. Furthermore, it was 

not possible to develop a regression model incorporating soil properties to predict 

DCD-induced reductions in N20 emission in the present study. 

As the NZ-DNDC model adequately accounts for the effect of soil types and 

climatic conditions on N20 emissions, an attempt is made here to extend this model in 

simulating N20 emissions reductions from the use of DCD in different soil types. 

The specific objective of this chapter is: 

� To adapt and then test the NZ-DNDC model for predicting changes in N20 

emissions from urine application as influenced by DCD addition. 



Chapter 8 1 85 

8.1 .1  Model Description 

The DNDC model ofLi  et al., ( 1 992 a, b) is a process-based model that forms 

a bridge between global C and N biogeochemical cycles and the basic ecological 

drivers ofthe C and N cycles in the soil (Figure 8 . 1 ) . The model consists of four sub­

models that include: thermal-hydraulic, crop growth, decomposition and 

denitrification. The thermal-hydraulic sub-model uses basic climate data to simulate 

soil moisture conditions and to capture anaerobic microsite formation and sequential 

substrate reduction. The crop growth sub model simulates growth of various crops 

from sowing to harvest. Above-ground biomass is accumulated based on daily N and 

water uptake. The decomposition sub-model has four soil carbon pools: litter, 

microbial, labile and passive. Each pool has a fixed C:N ratio and decomposition rate 

is influenced by soil texture (clay content), soil moisture and temperature. The 

decomposition sub model provides initial N03- and soluble C pools for the initiation 

of denitrification. The denitrification sub-model is responsive to available N03 - and 

soluble C and is also activated by rain events, and changes in soil moisture and 

temperatures. An increase in WFPS caused by rain or irrigation events decreases soil 

oxygen availability. The WFPS, soluble C, soil temperature, soil pH, available N and 

denitrifier biomass control the rate of denitrification (Frolking et al. 1 998). DNDC 

has been designed so that soil moisture has a large influence on N20 fluxes through 

its impact on the volume of soil in which denitrification occurs and the duration of 

denitrifying conditions. Among these sub models, crop growth and decomposition 

operate on a daily time-step while the denitrification sub-model operates on an hourly 

time-step. 

DNDC has been successfully used to produce estimates of N20 emission for 

US, Canada, China, Germany and U K. The model has been modified for New 

Zealand's grazed pasture systems and named NZ-DNDC model (Saggar et al. 2004a). 

In brief, the modifications incorporated into the NZ-DNDC model include: addition of 

a modifier for perennial pasture growth with adjusted N-fixation rates, quantification 

of N inputs from animals, and modification of potential evapo-transpiration, soil 

water flows and soil moisture regimes to capture long term saturated conditions that 

are very typical of New Zealand winters (Giltrap et aI. , 2004; (Saggar et al. 2002, 

2004a). 
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Climate 

Soil 

properties 

Management 

Model inputs & outputs 

• Latitude (Degree) 
• Daily max and min air temperature 

eC) 
• Daily precipitation (cm) 
• Atmospheric N deposition (ppm) 

• Texture (clay fraction) 
• Total organic C content (kg C kg-I 

soil) 
• Bulk density (g cm-

3
) 

• pH 

• Grazing: livestock type, timing & intensity (units ha-I ) 
• Fertilisation: timing, type & amount (kg N ha- I ) 
• Manure: timing, type & amount ofC added (kg C ha-I ) 
• Irrigation: timing, pH & amount (cm d- I ) 
• Inhibitor: effectiveness & lifetime 

Figure 8.2 Input parameters required by the NZ-DNDC model and the model outputs 
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.:. Pasture growth (kg N or C ha-I d- I ) 

.:. Soil organic C and N pools (kg ha- I d-I ) 

.:. N leaching (kg N ha-I d- I ) 

.:. Gas emissions (g ha- 1 d- 1) 

• CO2 
• C& 
• N20 
• NO 
• N2 
• NH3 
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8. 1.2 Input parameters 

An attempt was made to simulate the effect of DCD on N20 emissions from 

urine application under the field conditions reported in Chapter 6. The model input 

parameters are given in Figure 8.2. The grazing parameter takes into account the 

amount of excretal input by grazing animals and has a built-in model value which is 

estimated from animal type, animal numbers and grazing period. Animal grazing also 

results in the removal of sufficient above-ground p lant biomass to meet the animals' 

food requirements. As urine was applied manually in the field-plot study reported in 

Chapter 6, the grazing excretal-N input parameter is therefore taken as zero. Instead, 

the urine-N input (600 kg N ha-I ) is simulated as a simultaneous application of urea 

fertiliser and rainfall, as cow urine has almost all N in the urea form. The changes in 

WFPS are calculated from rainfall and the infiltration values. For climate inputs, the 

text files with data arranged in Julian days, mean air temperature (0 C) and rainfall 

(mm) are used. The mean air temperature and rainfall data were obtained from the 

weather station located at the site of  the experiment. Other input parameters 

describing the soil are silt loam soil texture; 1 .0 1  mg cm
3 

for bulk density; 5.62 for 

soil pH and 0.53 for water-filled pore space at field capacity. 

8.1.3 Model adaptation 

The NZ-DNDC model was further modified by  introducing a factor to account 

for the effect of NI on N transformation (i .e. nitrification rate), thereby controlling the 

supply of nitrate substrate for N20 emission (Giltrap et aI., 2006). The factor 

introduced to scale the inhibition of nitrification from the application of NI is: 

( l -NetT) 

where, NetT = inhibitor efficiency index (0- 1 ) . 

The parameter used is to mimic the effect of NIs such as DCD, by scaling down the 

process of nitrification, resulting in decreased N03--N production and eventually 

reducing the overall amount of N03--N available for denitrification. For the model 

adaptation, it was assumed that the NI remains equally effective for a specific period 
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were low (0.87 kg N ha-I ) and varied slightly during the 50 day period (Figure 8.4 a). 

The simulated N20 emissions for the urine treatment varied from l .8 to 2 1 3  g N ha-l 

dol with the total model estimate of 4.56 kg N ha-l (4560 g N ha-I ) over the 50 day 

period (Figure 8.4 b). The model-simulated peak emission was 1 8  days after urine 

application, followed by a subsequent decline and fluctuations until the end of the 

experimental period. 
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Figure 8.4 Measured and NZ-DNDC simulated N20 emissions for (a) the 

control treatment (b) the urine-only treatment. The measured 

values are the mean of three replicates. Error bars represent the 

standard deviation values. 
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The appl ication of urine simulated a small increase in the WFPS with no 

significant subsequent changes during the 50 day period (Figure 8.5) .  The model 

simulated an average WFPS of 0.53 which was close to the field-capacity moisture 

content for the entire experimental period. The measured values represent the mean of 

the five treatments, including the water control. Since there was no absolute control 

(no water/urine application) treatment in the field-plot study, it was not possible to 

examine the effect of the urine application on WFPS and to compare the simulated 

versus measured values. 

The range in the measured and simulated mineral N concentrations (N� + and 

N03- -N) in soil for the control, urine and urine+DCD treatments are shown in Table 

8. 1 .  The simulated N� + -N concentrations for the control treatment was low and 

fluctuated slightly from 4.33 to 7.39 mg N kg-I soil. S imulated N03--N was also low 

in the control treatment and fluctuated between 3 .44 to 1 3 .7 mg N kg- I soil. The 

simulated N�+-N concentrations for the urine treatment reached a peak after 1 2  days; 

this subsequently declined until the end of 50 days. The modelled N�+-N in 0- 1 00 

mm depth soil varied from 1 .36 to 238 mg N kg-I (Table 8 . 1 ) .  A constant build-up 

was observed in simulated N03--N in the urine treatment until the end of the 50 day 

period, with concentrations ranging from 9.29 to 1 47 mg N kg-I soil. The mineral N 

concentrations simulated using the Nett factor of 0 .8  showed an increase in the N �+­

N concentration in the urine+DCD treated plots as compared to the urine p lots; the 

trend was reversed for N03 --N (Table 8. 1 ). This trend was consistent with the effect 

of DCD addition, which inhibits the conversion of N�+ to N03- and results in an 

increase in NJ-4 + concentration. 
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Figure 8.5 Mean measured and simulated WFPS for all the treatments in the 

field-plot study. The measured values are the mean of all the five 

treatments. Error bars represent the standard deviation values for 

the measured data. 

Table 8. 1 

Treatment 

Control 

Urine 

Urine+DCD 

Range and means of simulated and measured NH/-N and N03--N 

in  the pasture soil for the control, urine and urine+DCD 

treatments. Mean values are given in brackets. 

NH4 + -N (mg kg-
t 

soil) 

Measured 

5 . 1 9- 1 0.9 

(8.04) 

2 1 . 5 - 193 

(89.4) 

2 1 .5-20 1 

( 1 1 9) 

Modelled 

4.3 1 -7.39 

(5 .85) 

1 .36-238 

( 1 23) 

1 .36-282 

( 1 89) 

Measured 

7. 1 7-20.5 

( 1 3 .8) 

23.2- 1 85 

( 1 1 5) 

23.2-78.0 

(53.4) 

Modelled 

3 .44- 1 3 .7 

(8.57) 

9.29- 147 

(82.9) 

9.24-44. 5  

(25 .8) 
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8.3.3 Comparison of the measured and modelled 

N20 emission, WFPS and mineral N data 

Overall, the NZ-DNDC simulated well the average daily N20 fluxes from the 

control, urine and urine+DCD treatments compared with the measured daily N20 

fluxes from these treatments for the corresponding periods (Figure 8.4 a & b and 8 .6). 

For the control treatment, the total modelled emission of 0.87 kg N ha-l was close to 

the measured value in the field plot study (0.8 1 ±  0.24 kg N ha-l ) (Figure 8 .7). In the 

urine-only treatment, the model s lightly overestimated the total emission. The 

modelled emission was 4.56 kg N20-N ha-I compared with the urine-only treatment 

of 3 .37 ± 0.28 kg N20-N ha-I (Figure 8.7). The measured N20 emission peak in the 

urine-only treatment was observed 1 2  days after treatment application, whereas the 

model simulated N20 emission peak occurred 1 8  days after treatment application 

(Figure 8.4 a). The total measured N20-N emission from the urine+DCD treatment 

was 1 .62 ± 0.34 kg N20-N ha-I , resulting in a 68% reduction in emissions with the 

addition ofDCD to urine. This emission reduction was in the range of those simulated 

using Neff values of 0.6 (2.55 kg N20-N ha-I ) and 0.8 ( 1 .5 1  kg N20-N ha-I ) which 

gave reductions of 55% and 83%, respectively (Figure 8.6). 

As mentioned above, with 20%, 40%, 60%, 80% and 1 00% nitrification 

inhibition (based on the Neff values used in the model), the model-simulated reduction 

in total N20-N emissions was 1 4%, 32%, 55%, 83% and 1 1 7%, respectively. 
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1 0  20 
Days 

• Measured (urine only) 
• Measured (urine+DCD) 

- - - - NI = 0.6 
- - NI = 0.8 

30 40 50 

Measured and simulated N20 emissions for the urine+DCD 

treatment using Neff values of 0.6 and 0.8. The measured values 

are the mean of th ree replicates. Error bars represent the 

standard deviation values for the measured data. 

Control Urine 

B Measured 
cP.1odelled 

Urine+DCD 

Total measured and simulated N20 emission for the control, urine 

and urine+DCD treatments. Error bars represent the standard 

error; for the urine+DCD treatment the simulation was obtained 

for a Neff value of 0.8. 

The percent reduction in N20-N emissions from urine with the applicat ion of DCD 

increased with the increasing assumed percent DCD-induced nitrification inhibition 

(Figure 8.6). However, there was a slight discrepancy between these two values. At 
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the lower rates of  nitrification inhibition (20-60%), the simulated reduction in N20 

emissions was slightly less than the corresponding nitrification inhibition indicating 

that, although denitrification is the main source of N20 emission, some of  N20 may 

have been derived during the oxidation ofNH/ to N03-. However, at the higher rates 

of nitrification inhibit ion (80- 1 00%), the trend was the opposite. This may be 

attributed to the indirect effect of DCD (i .e . ,  other than the inhibition of nitrification 

inhibit ion) on N20 emission. For example, DCD-treated soil  maintained a higher pH 

value than the untreated soil, thereby affecting the release of N20. It also has to be 

pointed out that nitrification inhibition caused by the addition of DCD also affects 

complete denitrification, thereby altering the ratio between N20 and N2 emission. 

Therefore, it may not be appropriate to relate the DCD-induced inhibition of  

nitrification solely to  the reduction ofN20 emission. 

The trend in N20 emissions was similar between the measured and the 

modelled flux as for the control, urine and urine+DCD treatments, and the model was 

able to predict the peaks and the subsequent decline in emissions with t ime. 

However, the predicted peak in the model for the urine treatment was delayed by 7 

days when compared to the measured peak. 

The results of the simulations obtained with the 0.6 and 0.8 Neff values suggest 

that, by using the appropriate inhibition efficiency factor, the model has the ability to 

account for NI efficacy in reducing N20 emission. Such emission reductions cannot 

be general ised across all soil types and climate conditions as NetT of DCD will vary 

with soil type, as demonstrated by monitoring the effect of DCD on different soils in 

Chapter 7. However, the results show that NZ-DNDC has the potential to account for 

changes in N20 emissions with the addition of  NI when the NetT of  a soil type is 

known. For this to be accomplished, more field data are required on the effect of 

DCD in a range of New Zealand soils. 

The modelled WFPS values were within the measured values (Figure 8.5) .  

The measured WFPS of the soil before the treatment application (0.4 1 )  showed a 

slight increase to 0.49 with the application o f  the treatments but then remained lower 

than the field-capacity moisture content (WFPS=0.53) until day 1 2. Although there 

was less fluctuation in the modelled WFPS than the measured values, the model 

simulated changes in WFPS agreed quite well with the measured changes in the top 5 
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cm depth for the p lots treated with urine (Figure 8 .5), with the difference between the 

simulated and measured WFPS values being generally less than 1 5%. These changes 

in WFPS covered all the major rainfall events. 

The simulated mineral N values followed the same trend as the measured 

values in the urine+DCD treated p lots, showing an increase in N� + -N concentration 

as compared to the urine plots. The simulated N03--N concentration in the 

urine+DCD plots was found to be lower than in urine-only p lots. The simulated 

values of the mineral N data were observed to lie almost within the range of the 

measured values (Table 8. 1 ), but on certain days the model tended to over- or under­

estimate the mean concentration. In order to achieve more reliable field-scale 

estimates of mineral N, further model refmement is needed. 

8.4 Conclusions 

Application of DCD appears to have a short-term potential to reduce N20 

emissions and its effect may vary with soil type and climatic conditions. The NZ­

DNDC model has the potential to account for the effect of DCD in reducing these 

emissions in a range of soil types and climatic conditions. More field data are 

required to further verify the ability of this model to predict emission-reductions with 

DCD application in different soil types. 

The main conclusions that can be drawn from this study are as follows: 

• NZ-DNDC effectively simulated the effect of DCD on N20 emlSSIOns 

reductions. 

• This modified NZ-DNDC model could be applied to soils using the estimated 

Neff of DCD. 

• The trend ofN20 emissions simulated by the NZ-DNDC model was similar to 

that observed under field measurements with both urine and urine+DCD 

application. 

• The NZ-DNDC model needs to be further improved for predicting changes in 

NH/ and N03· -N concentrations in soil. 
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Chapter 9 

Summary and Conclusions 

This chapter provides a summary of the major research fmdings obtained in the 

various laboratory incubation, g lasshouse and field experiments conducted to examine 

the effect of urease (UI - Agrotain) and nitrification (NI - OCO) inhibitors in controlling 

N transformations and mitigating N losses through gaseous emissions of nitrous oxide 

(N20) and ammonia (NH3) and nitrate (N03") leaching from urine and urea fertilisers. 

Furthermore, the degradation of NI (OCO) in four soil types, and the application of a 

process-based model to predict the effectiveness of the NI in reducing N20 emissions, 

are also discussed. Finally, given the current knowledge of effectiveness of inhibitors, 

future research areas in relation to quantification and modelling of inhibitors-induced 

reductions in N losses, and the impact of inhibitors on various soil and plant processes 

associated with N transformation, are proposed. 

9.1 Nitrogen in grazed pastures 

The major land use in New Zealand is pastoral farming of sheep and cattle to 

produce wool, meat and milk for domestic consumption and the export market. In these 

legume-based pastures, nitrogen (N) is derived from biological N fixation by clover, 

fertiliser and N recycled through farm effiuent application and the uneven deposition of 

animal excret. The major source of N loss in intensively managed grazed pastures is 

from cattle urine patches. The N deposited through animal excreta is far in excess of 

immediate plant requirements and hence is susceptible to losses as NH3 and N20 

emissions and removal to drainage water through nitrate (N03-) leaching. The quantities 

of N lost through these processes from grazed pastures depend on a number of factors 

including animal type, grazing intensity, grazing management, soil type, topography, 

effluent management and climatic conditions (Haynes & Williams 1 993 ; Bolan et al. 

2004). 
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9.2 Nitrogen loss and effect of inhibitors 

Loss of N, occurring mainly through NH3 volatilisation, biological 

denitrification and N03 - leaching, generally increase with farming intensity (Ledgard 

200 1 )  and so, unless effective controls can be found to minimise these losses, they 

could cause environmental degradation, thereby limiting the productivity of New 

Zealand pastoral soils and result ing in decreased N-use efficiency and an economical 

loss to farmers. There has been increasing interest in the use of inhibitors to mitigate 

environmental impacts ofN losses from animal excreta and effluent application through 

leaching and gaseous emissions. This research was conducted to examine the potential 

role of urease and nitrification inhibitors as tools to manage these losses. 

The UIs are used to control urea hydrolysis and the subsequent ammonification 

process through their effect on urease enzyme. The NIs are used to control the 

oxidation of NH/ ions to N03- ions (i.e. nitrification). These inhibitors are also likely 

to affect the leaching of basic cations which accompany N03 - to maintain charge 

balance in the soil solution (Figure 9. 1 ) .  

Ammonia 
volatilisation 

Denitrification 
Plant uptake I (N20, NO, N2) 

Ammonification 

R-NH2 � 

Urease 
inhibitor 

., � NftrifiC� 1 
NH:"f NO,· • NO,· Cations 

" Nitrification , , 'Jnhibitor Nitrate-induced 

Figure 9. 1 

, 
� cation leaching 

Mechanisms of ammonification and nitrification, and the role of 

inhibitors in controlling the transformations of nitrogen and losses 

of nitrogen and cations. 
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9.2.1  Ammonification and nitrification reactions 

Urease inhibitors retard the hydrolysis of urea molecules derived from urine and 

urea fertiliser input, thereby preventing the immediate increases in the concentration of  

NH/ ions and pH of the soil zone close to urea molecules (Figure 4.5, 4.9 and 6. 10). In  

the absence of the VI, hydrolysis of urea results in the accumulation of exchangeable 

NH/ in the soil  within 1 -2 days after urine deposition or urea application, whereas the 

presence ofUI  slows down the formation of exchangeable N� +, due to the inhibition of  

urea hydrolysis (Chapter 6). Although the application ofUI does not prevent the build­

up of N� + -N in the soil, it delays the peak concentration by 5-7 days in the urine 

treatment. For example, the results in Chapter 6 indicated that urine application @ 600 

kg N ha-I without VI, resulted in a peak Nl£t + concentration of 34 1 mg N kg- I soil 

within a day after application, whereas in the presence of VI, the N� + concentration 

reached a peak value of 299 mg N kg- I soil, 5 days after application. S imilarly, the pH 

value reached a maximum of 6 .9 and 6 .7 after a few hours and one day of urine 

application in the absence and presence of  UI, respectively (Chapter 4). Urease 

inhibitor however had little or no effect on the conversion ofN� + to N03-, though the 

complete nitrification had been delayed by 5 days (Chapter 6). 

Addition of NI to both urea and urine was effective ID inhibiting the 

transformation of Nl£t+ to N03--N in the soil, and maintaining the N�+-N 

concentration significantly higher than that without NI. High concentrations ofNl£t+-N 

were observed in the soil cores receiving DCD with urea (36.2 mg N kg- I soil) or urine 

(386 mg N kg-I soil), as compared to those without DCD (7.48 and 144 mg N kg- I soil, 

respectively) (Chapter 5). The rate of conversion of N� + to N03 - (nitrification rate) 

was almost 4 times lower in the soil receiving urine+DCD (5.02 mg N03--N kg-I d-I ) as 

compared to that in urine-alone treatment (2 1 .2 mg N03--N kg- I d- I ), as seen in Chapter 

6. 

The application of both urease and nitrification inhibitors together following the 

application of urea and! urine did not affect the highest concentration of N� +-N 

produced after urea hydrolysis, although it delayed the time of hydrolysis by 7 days, as 

also observed in the application of VI alone. The peak Nl£t+ concentration obtained 

after the urine application to the pasture soil (Chapter 6) was 34 1 mg N kg- I soil and the 

addition of the combined inhibitors to urine resulted in a peak of 273 mg NH/-N kg-I 
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soil after 7 days. The NH/-N produced in the combined inhibitors treatment remained 

in the soil for a longer time compared to that in the Urine-alone or Urine+UI treatments. 

The rate of change ofNH/-N after attaining the peak concentration was 1 0.7 mg kg-I d­

I in the Urine+NI+UI treatment as compared to 16.4 and 1 6.2 mg kg- I d- I in the Urine­

only and Urine+UI treatments, respectively. The N03 - produced with the combined 

application of inhibitors to urea was significantly lower (2 1 .5 mg N kg-I soil), than that 

in the urea alone treatment (53 .5  mg kg-I soil), and was close to that in the urea+NI 

treatment ( 1 8 .8  mg N kg-I soil) . The rate of nitrification was reduced significantly to 

6.54 mg kg-I d-I with the combined appl ication of inhibitors to urine, compared to the 

22. 1 and 1 2.4 mg kg-I d-I in the Urine-only and Urine+UI treatments, respectively. 

9.2.2 Ammonia volatilisation 

The incorporation of UI (Agrotain) with urine and urea (Sustain Yel low -

urea+UI+elemental S; Sustain Green - urea+UI) was found to be highly effective in 

reducing N H3 volatilisation and delaying the time for peak NH3 loss (T max), both in the 

urine treatment and urea treatment at low ( 1 00 kg N ha-I ) and high (600 kg N ha-I ) 

levels of N input to the pasture soils (Chapter 4). One of the important factors that 

control the UI-induced reduction in NH3 volatilisation is the diffusion of NH4 + ions 

away from the zone of high soil pH associated with urea hydrolysis. The results have 

indicated that urea fertiliser N and urine N in the presence of UI, remain as urea N for a 

longer period, and that these neutral urea molecules diffuse to a greater depth than the 

NH4 + ions derived from the hydrolysis of  urea fertiliser and urine in the absence of UI. 

Thus, the diffusion of urea molecules to lower soil depths reduces subsequent NH3 

volatilisation. The total reduction in N H3 losses resulting from UI application varied 

from 23% to 46% in the urine and urea treatments. The application of  UI caused a 

greater reduction in NH3 emission from urea than from urine as Agrotain is coated on to 

urea granules, thereby remaining close to the site of high N concentration (Chapter 4 

and 6). No difference was found in gaseous N emissions and N transformations 

between the Sustain Yellow (urea+UI+elemental S) and Sustain Green (urea+UI) 

treatments, indicating that the S coating did not influence the effect of Agrotain on N 

transformations of urea. 
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The application of DCD showed an increase in the total amount of NH3 emitted 

in the urea and urine treatments (Chapter 5). DCD inhibits or delays the process of 

nitrification of  Nfu +ions to N03- ions, thereby increasing the concentration ofN� \ons 

in the soil. The increased Nfu+-N resulted in an increase in NH3 emissions (35-44%) in 

the surface-applied urea treatments (Chapter 5 and 6). However, the increase in NH3 

volatilisation was not significant when DCD was applied to urine; this was attributed to 

the rapid permeation of urine into the soil, thereby providing less chance for the release 

of NH3 gas. The application of UI and NI together with either urea or urine reduced 

NH3 losses to a similar extent as when UI applied alone (Chapter 6). 

9.2.3 Nitrous oxide emissions 

The application of UI to urine and urea (Sustain Yellow and Sustain Green) 

showed varied effects on N20 emissions under different conditions. In the glasshouse 

experiment under the high temperature of 25-30oC (Chapter 4), UI decreased N20 

emissions when applied with urea at the lower rate ( 1 00 kg N ha- I ). The reason for this 

can be that the slower hydrolysis of urea to Nfu + caused by the UI, together with uptake 

of N fu + by the grass (Table 4.4), would have resulted in a generally reduced 

concentration of NH/ in the soil. Thus, less NH/ was available to undergo potential 

nitrification and denitrification. However, UI was not effective in reducing N20 

emissions when applied with urine under field conditions, and with urea under 

glasshouse conditions at lower temperatures (Chapter 6). The effect of UI on N20 

emissions might also depend on the nitrification rate in soil, which is temperature 

dependant. 

On the other hand, NI (DCD) was very effective in reducing N20 emissions 

from urea and urine applied to pasture soil under both glasshouse and field conditions. 

As the application of DCD delays the microbial transformation of Nfu+ to N03--N, the 

concentration of N03 ·-N remains low in the soil, resulting in a lower amount of 

substrate for the release of N20 by denitrification. This was evident from the 

concentration ofN03 --N present in the soil during the experimental period, (Figure 6.9) 

and at the end of the experiment in soil cores (Chapter 5 & 6). For example, the results 

in Chapter 6 indicated that the N03- concentration in the soil at 0-50 mm depth reached 
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a peak value of 294 mg N kg-' soil 1 2  days after the application of urine (600 kg N ha­

I ), whereas the N03- concentration in the presence of NI reached a peak value of only 

1 14 mg N kg-! 1 7  days after application. The total reduction in N20 emissions from 

urea and urine under different application conditions varied from 33 to 93%. When 

both the inhibitors were applied together, there was a considerable reduction of N20 

emissions (50%) from urea or urine applied alone. 

9.2.4 Nitrogen leaching 

DCD inhibits or delays the process of nitrification of NH/-N to N03--N, thus 

increasing the concentration of NH/-N in the soil .  The addition of DCD increased the 

NH/ concentration in soil cores by 7- to 9- fold, thereby increasing the amount ofNH/ 

in the leachate by 2- to 3.5- times more than that found in the leachate without DCD 

(Figure 5 . 1 0). Although NIL. + ions are expected to be retained by cation-exchange sites, 

the accumulation of excess NIL. + ions would have caused the saturation of CEC, thereby 

making the NIL. + ions liable to leaching. However, it has to be pointed out that in urine­

and urea-treated soils, N03 - ions act as an important charge balancing anion, thereby 

controlling the leaching of co-cations, including NIL. + (i.e. anion-induced cation 

leaching). Therefore, any reduction in N03- leaching due to the application of NI  to 

urine- or urea-treated soils is likely to result in a decrease in the leaching of co-cations, 

including NIL.+ ions. 

The reduction in N03--N concentrations in soil due to the application of DCD to 

the urine treatments resulted in a 60-65% decrease in N03- leaching loss (Chapter 5). 

Although there was an increase in the NIL. + concentration of the leachate with the 

addition of DCD, the decrease in N03 - leaching with DCD application resulted in an 

overall reduction of 45% in total N leached as N 03- was the main N component in the 

leachate, (Figure 5 . 1 0). Thus, DCD reduces N leaching through its direct effect on N03-

leaching and indirect effect on anion-induced NIL. + leaching. 
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9.2.5 Nitrogen-induced cation leaching 

The dominant cations in the leachate in the study conducted with urine applied 

to pasture soil were Ca+2 and K+, with low concentrations of Mg+2 and NH/ (Chapter 

5) .  The reduction in N03- leaching resulting from DCD application caused a 

corresponding decrease in the leaching of counter ions (cations). The 60-65% decrease 

in N03- leaching with the DCD application caused leaching reductions of 72% for Ca+2, 

33 to 50% for Mg+2 and 36 to 42% for K+. Nitrate is a weakly held anion (non-specific 

adsorption), in contrast to other anions like phosphate which undergoes specific 

adsoption; when nitrate is subject to leaching it is associated with cations as charge­

balancing counter ions. Thus, the reduction in N03- leaching also caused a decrease in 

the leaching of counter ions (cations). However, urine also contains other non­

specifically adsorbed anions such as cr and S04-, which may also contribute to anion­

induced cation leaching. 

9.2.6 Nitrogen-use efficiency 

The incorporation of Agrotain along with urea as Sustain Yellow and Sustain 

Green (Chapter 4) and with urine (Chapter 6) showed a slight increase in dry matter 

yield, by 1 5-20% and 6%, as compared to that in the urea and urine-alone treatments, 

respectively. Application ofUI with urea/urine has been very effective in inhibiting and 

delaying urea hydrolysis, resulted in better diffusion of urea molecules in the soil and, 

consequently, reduced volatilisation losses. Thus, this delay in the release ofNI-4 + ions, 

and the associated reduction in NH3 losses, resulted in more N being taken up by the 

p lants and, thereby, greater dry matter yields. 

Addition of DCD did not affect pasture yields and pasture N concentrations 

significantly compared with those in the urine and urea-alone treatments (Chapter 5) in 

the glasshouse studies; however in the field-plot study it increased dry matter yields 

slightly (3%). As DCD maintained soil N in the NH/ form for a longer time (Chapter 

6), the differences in pasture yields in the different experiments might have been a 

consequence of the change from N03- to N� + nutrition, to which the plants were 

subjected. Moreover, DCD has been reported to produce phytotoxic effects in clover 

and lettuce (Macadam et at. 2003). Thus, the differences in the dry matter yields in 
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treatments with and without DCD can be attributed to the above two factors and their 

interaction (induced ammonia nutrition or DCD toxicity per se). 

The applicat ion of the two inhibitors (UI+NI) together in the urea and/or urine 

treatments resulted in an increase in dry matter yield by 1 3% (Chapter 6) and also in a 

higher dry matter response to applied N,  compared with those found when these 

inhibitors were applied individually. 

9.3 Modelling the effect of inhibitors 

Although the study has demonstrated that the combined appl ication ofUI and N I  

is more effective in mitigating N losses when compared to their individual applications, 

urease enzyme is produced by all microbial and p lant species in soils and it is difficult 

to control activity of this enzyme using UI. Therefore, the modelling exercise focussed 

on the value of NI  in mitigating N20 emissions. 

The effectiveness of NI (DCD) in controlling nitrification has been found to be 

influenced by numerous environmental and soil factors, such as organic matter, pH, and 

temperature. The varying effectiveness of DCD makes it difficult to predict the 

sustainability of using DCD for N management in grazed pastures in different regions 

and land-management regimes. The laboratory incubation experiment was therefore 

conducted to see the effectiveness of DCD at different concentrations in four different 

soils of N ew Zealand (Chapter 7). The effectiveness of DCD in inhibiting N20 

emissions varied among the soils, which may be attributed to differences in organic 

matter and in c lay type (allophane) and content in the different soils. Although DCD 

was effective in inhibiting nitrification, there was no consistent relationship between 

nitrification inhibition and rate ofDCD degradation. 

As the NZ-DNDC model accounts for the effect of soil type and climatic 

conditions on N20 emissions, this model was further modified to simulate the effect of 

DCD in reducing N20 emissions. The model was able to simulate adequately the N20 

emissions from urine application for Tokomaru soil under field conditions with an NI 

efficiency index (Neff) of 0.6-0.8. This modified NZ-DNDC model could thus be applied 

to different soil types using the estimated/measured Neff of DCD. The model was, 

however, not able to effectively simulate the NH/ and N03• concentrations in the so il 
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and, therefore, needs to be further tested and modified to be able to accurately predict 

mineral N in the presence of applied inhibitor. 

9.4 Future research 

The research work described in this thesis suggests a number of areas that require 

further investigation. Some of the major research areas relating to urease and 

nitrification inhibitors in managing N dynamics in grazed pastures include: 

• More long-term field studies are needed to examme the effect of urease and 

nitrification inhibitors on various pathways ofN losses, especially under intensively 

managed grazed pastures. For example, in the present study there was clear 

evidence that urease inhibitors tend to decrease NH3 volatilisation, whereas the 

nitrification inhibitors show the opposite effect. Quantitatively, NH3 volatilisation 

results in a greater N loss than from N20 emissions, especially at high levels of N 

input through urea-based fertilisers and urine deposition in dairy pastures. Similarly, 

while nitrification inhibitors have been shown to have a positive effect in reducing 

N20 emissions and N03- leaching, the urease inhibitors have shown no effect on 

these N losses. It is therefore important to examine the relative effects of these two 

groups of inhibitors in controlling N losses at various levels ofN input. 

• A range of natural and synthetic N transformation inhibitors are available in the 

market. Of the commercially developed nitrification inhibitors, the most widely 

used are N itrapyrin and Dicyandiamide (DCD), with a newer product (3,4-

dimethylpyrazole phosphate; DMPP) being investigated mostly in Europe. Other 

products include Etridiazole (a fungicide), 2-ethynylpyridine (2-EP) and various 

coated acetylene products. Some of natural products include essential oils from 

certain plant species such as Mentha spicata and Artemisia annua (Vsha & Patra 

2003), neem cake (Azadirachta indica) and karanj (Pongamia glabra Vent) 

(Sahrawat 2003). There is also a variety of VIs available, such as 

phenylphosphorodiamidate (PPD), hydroquinone and the extensively used N-(n­

butyl)thiophosphric triamide (NBPT). The effects of these products on the 
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transformation and loss ofN need to be examined in relation to their persistence and 

impact on the microbial community. 

• In addition to reducing N losses, inhibitors have been shown to be beneficial in 

controlling the nitrate-induced leaching losses of basic cations such as potassium, 

calcium and magnesium. The relative role of readily leachable anions, such as 

nitrate and chloride, in controlling the leaching of basic cations as charge balancing 

co-ions needs to be examined in grazed pastures. The value of inhibitors in reducing 

the leaching losses of these basic cations by controlling nitrate leaching needs to be 

examined in conjunction with the uptake of these cations by p lants and the 

subsequent implications on the cation-anion balance in p lants. 

• N itrogen transformation inhibitors affect soil pH through their effects on N 

transformations and leaching, and p lant uptake of associate cations. It has been 

consistently shown that the pH of urea- and urine-treated soil remained high for a 

longer period in the presence than absence of nitrification inhibitors; this is 

attributed mainly to the decrease in proton release due to the inhibition of 

nitrification. The p lant uptake of excessive Nfu + ions in the presence of  

nitrification inhibitors is likely to  affect the rhizosphere pH due to  the cation/anion 

balance in p lants. The long term-effects of these processes in controlling the pH of 

soil resulting from the application of inhibitors need to be examined in detail. 

• Although most inhibitors are specific in controlling the transformation of urea and 

ammonium N, they can also affect other beneficial and detrimental microorganisms 

in soils. The long-term effect of commercial inhibitors on microbial communities 

needs to be examined. 

• Certain p lant species, such as Brachiaria humidicola, have been shown to inhibit the 

nitrification process by suppressing the growth of ammonia-oxidising bacteria, 

accumulating N03- in the soil, and enhancing N absorption. However, there is little 

information in the literature on the type ofN taken up by p lants after the application 

of inhibitors, or on their effects on the biochemical processes o f N  assimilation. For 

example, in the presence of nitrification inhibitors pasture p lants tend to take up less 

nitrate-N, thereby reducing nitrate toxicity to grazing animals. The relative uptake 

of ammonium and nitrate nitrogen in the presence of inhibitors needs to be 

examined. 
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• Modification of the NZ-DNDC model to parameterize it for simulating N losses 

through gaseous emissions and nitrate leaching in the presence of inhibitors requires 

urgent attention. The accuracy of  the model to predict these losses from urine and 

urea-based fertilisers could be further improved by examining the soil and climatic 

factors affecting the degradation and persistence of inhibitors, and the efficiency of  

inhibitors in  controlling the transfonnation of various fonns on  N input. 
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Appendix 2 
Input Parameters for NZ-DNDC 

This appendix provides the list of the input parameters that were used while running the 

NZ-DNDC model for the field-plot study 

Site data 

Site name 

S imulated Year 

Latitude 

Daily_Record 

C li mate Data 

Climate_Data _Type 

N03NH4_inJainfall (mg N rl ) 
N03_ oC atmosphere (J.1g N m-

3
) 

Base CO2_ oC atmosphere (ppm) 

Climate file count 

Soil data 

Soil texture 

Land use type 

Density (g cm-
3
) 

Soil pH 

SOC at surface (kg C kg- I ) 

Clay fraction 

Bypass Flow 

Litter SOC (kg C kg-I ) 

Humads SOC (kg C kg-I ) 

Humus SOC (kg C kg-I ) 

Soil N03- (mg N kg-I ) 

Field-plot study 

1 

-40.4 

1 

2 

0.50 

0.06 

350.0 

1 
C:\DNDC\Database\Nitrification 
inhibitor\D3Climate05 extrawater.txt 

4 (Silt Loam) 

3 (moist grassland/pasture) 

1 .0 1  

5 .62 

0.036 

0. 14  

o 

0. 1 0  

0. 1 5  

0.75 

1 2 .20 
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Soil N14 + (mg N kg-I ) 

Moisture 

Temperature (0C) 

Crop data 

Rotation number 

Rotation ID 

Total year 

Years of a cycle 

Crop total number 

Crop ID 

Crop Type 

Plant time (month d-I) 

Harvest time (month d-I ) 

Year of harvest 

Ground harvest 

Yield (kg DM ha-I ) 

Development rate (reproductive) 

Development rate ( vegetative) 

Photosynthesis efficiency 

Maximum photosynthesis 

Intial biomass (kg DM ha-I ) 

Tllage number 

Fertilisation number 

Fertilisation ID 

Month/Day/method 

Depth (cm) 

Nitrate 

AmmBic 

Urea 

Anhydrous 

NH4N03 

3.30 

0.40 

1 2 .2 

1 

1 

1 

1 

1 

12  (perennial grassland) 

1 1 

1 2 3 1  

1 

1 .0 

1 250.0 

0 .01  

0.03 

0.40 

60.0 

1 2.50 

o 

1 

1 

5 1 2 0 (Surface) 

0.20 

o 

o 

600.0 

o 

o 
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Release rate 

Inhibitor efficiency 

Inhibitor duration 

Manure number 

Weed number 

Weed problem 

Flood number 

Leak type 

Water control 

Leak rate 

Irrigation number 

Irrigation type 

Irrigation index 

Climate file mode 

Soil microbial index 

Crop model approach 

Depth WRL cm 

Slope 

Filed capacity 

Wilt ing point 

CO2 increase rate 

SOC profile A 

SOC profile B 

o 

o 

1 .0 

243 

0.0 (This number is 0 for Urine only or up 
to 1 for DCD) 
Inhibitor _ duration= 0.0 (Zero if no 
inhibitor, otherwise >50 days) 
o 

o 

o 

o 

1 

o 

o 

o 

o 

o 

o 

o 

1 0.00 

o 

0.53 

0.28 

o 

0.08 

1 .40 


