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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™'. Nitrogen 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 (N,O) emissions and removal in drainage water
through nitrate (NO5’) leaching. This loss of N 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 NOs™ 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 Uls in
arable farming and NIs in grazed pastures. However, only limited work on the impact
of Ul and NI 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 Ul (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 NH; and N,O
emissions and NOj~ 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 N>O 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 N,O emissions reductions from urine by
adapting the process-based NZ-DNDC model.

Both NH3 and N,O 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 H,SO4 and 2% H3BO3) traps for NH3 measurements and passive sampling
involved collecting three gas samples over a one-hour period from a static chamber used
for N,O emissions.

The first glasshouse experiment used UI with urine or urea to assess its effect on
NHj3 and N,O emissions, changes in soil mineral-N and N uptake by pasture plants. The
UI 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
Ul effectively decreased total NH; emissions, as well as delaying the time of maximum
NH; emissions from both urea (600 kg N ha") and urine (476 kg N ha™) by 27% and
22%, respectively. The Ul-induced decrease in NH3 volatilization ranged from 42-48%
when urea was applied @ 100 kg N ha'. Urease inhibitor was also effective in
decreasing N,O emissions significantly from urine and urea applied @ 100 kg N ha™.
The addition of UI increased dry matter yield by 13-19% as compared to the urea-alone
treatment.

In the second glasshouse study, NI (DCD) was added @ 25 kg ha™ to urea (@
25, 50 and 75 kg N ha™) and urine (@ 144, 290 and 570 kg N ha™) applied at different
rates. Addition of DCD reduced N,O emissions from both urea and urine and NO;’
leaching from urine. Dicyandiamide reduced N,O emissions by 34-93% from the added
urea and 33-80% from the added urine. However, its use increased the amount of
ammonium (NH4") present in the soil by 3 to 13% both in the urea and urine treatments,
and this NH4" was susceptible to leaching and volatilisation losses. The addition of
DCD, however, resulted in a 60-65% reduction in NOs leaching from urine applied to
pasture soil cores. It also caused a significant reduction in NOs™-induced cation
leaching. Leaching of K, Mg'? and Ca*? ions was reduced by 36-42%, 33-50% and
72%, respectively, with DCD applied to cattle urine (290 and 570 kg N ha™).

The combined use of Ul and NI was more effective in controlling N gaseous
losses than using them individually. The combination of Ul and NI retarded NHj3
emissions by 70% in the urea treatment and by 4% in the urine treatment (field-plot
study). It also considerably reduced N,O emissions (50-51%) following the application
of urea and urine (field-plot study) to pasture soil. With the combined inhibitors, there
was a 14 and 38% increase in herbage yield from added urea and urine (field-plot

study), respectively.
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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 11 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 clay 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
N,O 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

Introduction

1.1 The issue

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. 1990b; Haynes & Williams 1993). 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 0.01-0.015 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 10.5 % 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™ for sheep and 1000
kg N ha” for cattle (Haynes & Williams 1993; Silva ez al. 1999; 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 1990 (M{E, 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 (N,O) emission and nitrate
(NOy") 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 of NHj3 and
N,O 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 NH; may contribute
to undesirable changes in our environment such as acidification of poorly buffered soils,
eutrophication in lakes and streams (Schulze et al. 1989) and direct plant toxicity (Van
derEerden 1982). Ammonia has a short life time in the atmosphere, but it can also act
as a secondary source of nitric oxide (NO) and N,O (Mosier et al. 1998). Nitrous oxide
is a potent greenhouse gas which contributes to global warming (Bouwman 1990). It
accounts for about 2-4 % of the total anticipated Global Warming Potential (Watson et
al. 1992) and is also involved in catalytic destruction of stratosphere ozone.

Both gaseous N emissions and NOs" leaching are considered as a greater issue for
dairying compared to sheep and beef farms. A number of studies have shown higher NH;
and N>O emissions (de Klein & Ledgard 2005; Saggar et al. 2005a, b) and NO;™ leaching
(Ryden 1984; Silva et al. 1999; Di & Cameron 2000; Ledgard 2001) 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 (Uls) 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 1980; Prasad & Power 1995; Xu et al.

2000). Recently, there has been increasing interest in the use of commercially
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formulated NIs and Uls (e.g., EcoN, N-Care and SustaiN') in mitigating environmental
impacts of N losses through leaching and gaseous emissions from animal excreta,
fertiliser and effluent application in grazed pastures. Agrotain (NBPT) and
Dicyandiamide (DCD) are used as Ul 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 Uls and NIs in mitigating N losses from cattle urine and
urea in grazed pastures (D1 & 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 NH; and N2O 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 NHj; 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 first priority of the research project was to design and test a

novel technique that could be used to measure NH; and N,O emissions simultaneously.

1.2 Research Objectives

This study was conducted with following objectives in mind:

e To design and test a novel technique to measure NHj; volatilisation and N,O
emissions simultaneously.
e To quantify the effect of a urease inhibitor (Agrotain) on N transformation, and

NH3 and N>O emissions from cattle urine and urea in pasture soil.

" EcoN: Ravensdown Fertiliser Co-operative Ltd.; N-Care: Ballance AgriNutrients Ltd.; SustaiN:
Summit-Quinphos Ltd.
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e To investigate the influence of a nitrification inhibitor (DCD) on N
transformation, NH3 and N,O emissions, and leaching losses of NO3™ and basic
cations from cattle urine and urea fertiliser applications in pasture soil.

e To examine the combined effect of urease (Agrotain) and nitrification (DCD)
inhibitors on N gaseous losses (NH3; and N,O) and N transformation from cattle
urine and urea fertiliser applied to grazed pastures.

e To study the influence of soil type on DCD degradation and the effectiveness of
DCD in inhibiting nitrification, and thus influencing N,O emissions, in different
soils.

e To assess the ability of NZ-DNDC (NZ-denitrification decomposition model) to
simulate the effect of DCD on N2O 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 of N 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 N,O. This method was
used subsequently in all glasshouse and field experiments to examine the effect of

inhibitors on the loss of N through gaseous emissions.
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Chapter 4 covers glasshouse experiments which quantitatively determined the
effect of Ul (Agrotain) on N losses through NH; and N,O emissions from N sources
(i.e., cattle urine and urea) common to grazed pastures. This chapter also gives the effect
of UI on pasture yield and N uptake from urea. In this study, commercial urea products
containing Ul (Sustain Yellow and Sustain Green) were used to examine the effect of
UI (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 Ul and S coating on N dynamics.

Chapter 5 quantifies the effect of NI (DCD) on NH3; and N2O emissions and also
on N leaching as NH;" and NOs™ from cattle urine and urea applications to pasture soil.
The effect of DCD on cation (K*, Mg*?, Ca*?) leaching was also explored.

Chapter 6 examines the combined effect of Uls 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 N,O
emissions from urine. The effect of DCD on microbial biomass and microbial
respiration as measured by CO; release is also reported in this chapter.

In Chapter 8 the NZ-DNDC model was used to estimate the reduction in N,O
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

Review of Literature

2.1 Introduction

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 (NOs’) leaching and
release of gaseous N such as ammonia (NH3) and nitrous oxide (N,O). Recent sharp
increase in fertiliser N inputs to intensively managed and grazed grasslands 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 grasslands, the dynamics of N 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 117 million km? of vegetated lands and provide
forage for over 1800 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. 1990b; Haynes & Williams 1993). 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 of N, 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--0.015 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 of reactive-N benefits society, but it also represents a significant cost
to society through increased NO;™ leaching and enhanced NH3; and N,O 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 N,O emissions. While
NH3 is implicated in acid rain, N,O is involved in ozone depletion and global warming (i.e.
greenhouse gas). Both NOs’ 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 10-
fold increase in N,O emissions in grazed pasture compared with ungrazed pasture, and

also a much higher N,O emission factor for dairy-grazed than sheep-grazed soils.



Chapter 2 11

Therefore, the increasing amounts of N going on to hill country could increase both
leaching and gaseous emissions of N and create further problems in the future.

Many approaches have been used to improve the bioavailability of N, and mitigate
the economic and environmental impacts of N losses. One such approach is the use of
nitrification and urease inhibitors (NIs and Uls). Recently in New Zealand there has been
an increasing interest in the use of commercially formulated NIs and Uls (e.g., EcoN, N-
Care and SustaiN?) 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 forms
undergo several transformations, an understanding of N 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 N, atom is

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

Nitrogenase

N, + 8H + 8¢ + 16 ATP (energy) — 2NH; + H, + 16ADP + 16 P; 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 is 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 N,-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 1995). Work by Sears and co-
workers in the 1950s and 1960s from mown pastures suggested that white clover-based
pastures were capable of fixing 500-700 kg N ha' y' (Sears et al. 1965), whereas
measurements from the grazed pastures from 1970s 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. 1990; Ledgard & Steele 1992; Ledgard et al. 1996;
Goh & Williams 1999). These measurements also indicate annual BNF averaging about
185 kg N ha™ for sheep farms to 200-250 kg N ha™ for more intensively managed dairy
farms (White 1989). BNF rates in the range of 100-300 kg N/ha/yr are therefore,
common for grass/clover pastures in New Zealand (Ledgard et al. 1990). 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 a/. (2001) 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 is 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 Effect of N fertiliser in reducing biological N fixation (BNF) in New

Zealand pastures

Fertiliser N Biological N fixation = Decrease Reference
(kgNha'y")  (kgNha'y") (%)

0, 390 111,47 58 Ledgard