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Abstract

The effect of pasture species composition and a
nitrification inhibitor on nitrate leaching losses

by
B. J. Malcolm

The aim of this research programme was to determine the effects of pasture species
composition and a nitrification inhibitor on nitrate leaching losses, and root architecture
during the winter period.

A lysimeter and field trial was conducted for two years. A total of 32 lysimeters (0.2 m2,
70 cm deep) were collected from a pasture site at the Lincoln University Research Dairy
Farm (LURDF), Canterbury. Sixteen main field plots (2.1x6 m) were also established at LURDF
for destructive soil/root sampling. The soil type was a Templeton fine sandy loam soil (NZ
classification: Immature Pallic soil). In year one (2010/11), the lysimeters and field plots were
sown with four different pasture species: (i) perennial ryegrass, white clover (P. ryegrass
WC); (ii) tall fescue, WC (T. fescue WC); (iii) Italian ryegrass, WC (It. ryegrass WC) and (iv) a
mixed pasture consisting of P. ryegrass, It. ryegrass, WC, red clover, chicory and plantain
(Diverse). In year two (2011/12), the lysimeters were collected from untreated areas within
each main field plot to determine leaching losses beneath well-established pasture. Natural
cow urine was applied to all lysimeters at a rate of 1000 kg N ha-1, and half the treatments
received DCD as a fine particle suspension at 10 kg DCD ha-1. Artificial cow urine was applied
to 1 m2 sub-plots within each main field plots. All the field sub-plots were intensively soil
sampled between 0 and 80 cm depth during the spring following treatment application, and
the roots within each sample were removed from the soil and various architectural
parameters were measured by the computer scanner and software package WinRHIZO.

i

In both years, nitrate leaching losses from the lysimeters were lowest beneath It. ryegrass
WC, being 24-54% lower than the other pasture species (P < 0.05). The T. fescue WC pasture
leached up to 116% more nitrate than other pasture species in year one, and differences
between P. ryegrass WC, T. fescue WC and Diverse in year two were not statistically
significant. The application of the nitrification inhibitor, DCD, significantly (P < 0.001)
reduced nitrate leaching by 27-40% in the first year and 25-41% in the second. In both years,
the DCD-treated It. ryegrass WC treatments had the lowest leaching losses. Total dry matter
yields in year one were between 11 and 58% higher in the It. ryegrass WC compared to the
other pasture species. In year two, total annual dry matter production ranged from 20921 kg
DM ha-1 (T. fescue WC) to 25135 kg DM ha-1 (P. ryegrass WC). In year one, the root
architecture of the pasture species was similar, indicating that T. fescue WC roots were
relatively undeveloped. In year two, significantly (P < 0.05) higher root length densities were
observed beneath the T. fescue WC pasture species. Despite a relatively shallow root
system, the active winter growth of It. ryegrass WC enabled a greater amount of soil N
uptake during the leaching period, which resulted in lower nitrate leaching losses compared
to the other pasture species.

The lysimeter and field trials indicated that seasonal growth pattern (especially high
winter growth) was more important than the presence of deep roots in terms of reducing
nitrate leaching losses. To understand and quantify this conceptual finding more precisely, a
15

N uptake trial comparing the It. ryegrass WC and T. fescue WC pasture species was

conducted. Enriched

15

N urea (10 atom %) was injected at a rate of 300 kg N ha-1 into the

side walls of 48 lysimeters (18 cm diameter; 70 cm deep) at three different depths: 0, 250
and 450 mm. The lysimeters were installed inside a climate-controlled growth chamber
under simulated winter conditions. Water was applied to half of the lysimeters to initiate
leaching (leached treatments), while the remaining lysimeters were irrigated to just below
field capacity (non-leached treatments). Herbage samples were taken and analysed for
recovery, while leachate samples were diffused and analysed for

15

N

15

N by an isotope ratio

mass spectrometer. At the end of the trial, root samples were obtained from selected
lysimeters and analysed by the WinRHIZO scanner and software package to determine root
architecture.

ii

15

N recovery was consistently higher for It. ryegrass WC compared with T. fescue WC,

despite T. fescue WC having significantly (P < 0.05) higher root length densities. In all of the
450 mm depth N injection treatments (leached and non-leached), the T. fescue WC pasture
species contained significantly (P < 0.05) greater root length densities than It. ryegrass WC.
Dry matter yields of It. ryegrass WC were again higher than T. fescue WC. The results clearly
indicate that deep T. fescue WC roots are relatively inactive during the winter period, and
that winter growth is a vital plant characteristic that is more important than the presence of
deep roots in reducing nitrate leaching losses.

Growing Italian ryegrass-based pastures in intensively grazed pasture systems is a viable
option for farmers, and may have additional benefits because of its high winter growth rates.
The conclusion of this research programme is that the strategic use of Italian ryegrass in
grazed pasture systems in combination with the nitrification inhibitor, DCD, can significantly
reduce nitrate leaching losses.

Keywords: Pasture, species, mitigation, nitrate, leaching, lysimeters, nitrification inhibitor,
DCD, roots, architecture, winter, growth, uptake.
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Chapter 1
Introduction
Nitrate-N leaching losses from grazed pasture systems are of concern because of the
potential adverse impacts on water quality and human health. The World Health
Organisation (WHO) states that nitrate concentrations exceeding 11.3 mg L-1 in drinking
water is not suitable for human consumption (WHO, 2007). Therefore it is vital that
concentrations are kept below this value in drinking water to protect human health. Further,
elevated N concentrations in surface water can cause eutrophication, which can have
detrimental effects on fish. In the interests of New Zealand’s economy, it is important to
maintain the ‘clean green’ branding of New Zealand by keeping nitrate concentrations in
water ways below the specified critical levels to ensure that its high quality agricultural
products continue to be exported to foreign countries.

The world population is predicted to increase by approximately 2.5 billion by the year
2050 (Economic & Social Affairs, 2007). Therefore, in order to meet rising food demands,
land productivity must increase through intensification, which will pose even greater
environmental and health risks. It is therefore necessary to develop mitigation techniques to
reduce the environmental footprint of agriculture, while at the same time increasing the
efficiency of food production. An example of this type of technology where there are both
environmental and production benefits is the recent development of nitrification inhibitors.
It has been reported that nitrate leaching losses from grazed pasture systems can be
reduced by up to 60%, and production increased by up to 20% or more using the nitrification
inhibitor dicyandiamide (DCD) (Cameron, et al., 2007; Di and Cameron, 2002a; 2002b;
2004a; 2005; 2007; 2008; 2012; Di, et al., 2009a; Menneer, et al., 2008a; 2008b; Moir, et al.,
2007; 2012b; Monaghan, et al., 2009; Sprosen, et al., 2009).

The strategic use of selected pasture species has been promoted to reduce nitrate
leaching, however this is poorly understood or quantified. It was thought that some species
with deep root systems (e.g. tall fescue) might be able to capture more soil nitrogen (N)
during the winter period, consequently reducing leaching losses. Some preliminary work
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involving glasshouse experiments and computer simulations indicated that pasture species
might have an effect on soil N interception and/or nitrate leaching losses (Crush, et al., 2007;
2005; Dunbabin, et al., 2003; Moir, et al., 2012a; Nichols and Crush, 2007; Popay and Crush,
2010). However, there were no reports of pasture species’ effects on nitrate leaching losses
under natural field conditions during the winter period.

The objectives of this PhD research programme were to quantify the effect of pasture
species composition and nitrification inhibitor use on NO3--N leaching losses from soil, and to
examine the importance of deep roots and/or seasonal growth patterns in reducing nitrate
leaching losses during the winter period.
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Chapter 2
Literature Review
2.1 Introduction
Nitrate (NO3-) leaching from intensively grazed New Zealand dairy systems can have
detrimental impacts on the environment. Elevated NO3- concentrations in underground and
surface water bodies can cause eutrophication, and may consequentially impose harmful
effects to aquatic ecosystems. Furthermore, a NO3- concentration in drinking water
exceeding 11.3 mg N L-1 is deemed unsafe for human consumption because it may lead to
methaemoglobinaemia (blue baby syndrome) in infants. This review of the literature will
endeavour to identify in detail the key components of the nitrogen (N) cycle associated with
NO3- leaching, and the degree of published material relating to pasture species composition
(i.e. plant root architecture) effects on NO3- leaching.

The N cycle represents an important constituent of the soil, plant and atmospheric
system. Nitrogen is a primary component of amino acids which are the building blocks of
protein. Nitrification plays a major role in the N cycle in soil, whereby N is converted from
one form to another by a series of oxidation reactions. The final product of nitrification is the
formation of NO3- anions, which are very mobile in temperate soils.

Nitrate leaching losses are not only affected by drainage volume, but also by the rate at
which plants take up soil N. It may be beneficial in grazed-pasture systems to use pasture
species that have the greatest potential to take up soil N to minimise nitrate leaching.
Preliminary work involving packed columns of sand in glasshouse environments has
suggested species with finely divided root structures and larger surface area to weight ratios
have greatest potential at capturing soil N, effectively reducing NO3- leaching. However,
there is no published information on effects of pasture species composition under natural
field conditions.
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The adoption of mitigation technology is necessary to minimise the impact of agriculture
on the environment, and ultimately improve the sustainability of New Zealand agriculture.
The application of the nitrification inhibitor, dicyandiamide (DCD, commercially known as
‘eco-n’) to soil has been extensively studied over recent years in New Zealand to assess its
potential to improve the environmental sustainability of pastoral agriculture, and increase
the efficiency of the N cycle within soil/plant/animal systems. Nitrate leaching losses have
been shown to be significantly reduced by the application of DCD (Cameron, et al., 2007; Di
and Cameron, 2002a; 2002b; 2004a; 2005; 2007; 2008; 2012; Di, et al., 2009a; Menneer, et
al., 2008a; 2008b; Monaghan, et al., 2009; Sprosen, et al., 2009). However, the use of a
nitrification inhibitor (i.e. DCD) in combination with necessary pasture species compositions
may have greater benefits but requires further extensive research.

2.2 The Nitrogen Cycle
2.2.1 Global nitrogen distribution
The earth contains 98% of its total N in the lithosphere (crust and upper mantle), in
igneous rocks and minerals (Table 2.1). This N generally exists as nitrides of iron, titanium,
and other metals, or as ammonium (NH4+) ions held in primary silicate minerals (Haynes, et
al., 1986). The remaining N is found predominantly in gaseous form (1.9%) within the
atmosphere, with a smaller amount of dissolved N within the hydrosphere (earth water and
atmospheric moisture). Molecular di-nitrogen (N2) is a very stable triple bonded molecule,
and this represents the bulk of the atmospheric N.

Table 2.1

Biogeochemical distribution of global N (Haynes, et al., 1986).
Pool of N

Atmosphere N2
N2 dissolved in oceans
Biosphere
Lithosphere
Igneous rock
Sedimentary rocks
Total N mass

Total mass
(Tg N)
3.9 x 109
2.2 x 107
2.4 x 107
1.9 x 1011
4.0 x 108
1.94 x 108

Percentage of
total N mass
(%)
1.9
0.01
0.01
97.8
0.2
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Other nitrogenous compounds such as N2O, NO, NO2, NH3 HNO3-, NO3-, NH4+, and organic
N are present in small but significant quantities within the atmosphere (Table 2.2).

Table 2.2

Distribution of atmospheric N (Haynes, et al., 1986).
N forms
N2
N 2O
NH3
NH4+
NOx
NO3HNO3Organic N

Atmospheric mass (Tg N)
3.9 x 109
1.3 – 1.5 x 103
0.9 – 1.7
0.4 – 1.8
0.6 – 2.0
0.1 – 0.5
0.2
1.0

2.2.2 Nitrogen cycling and transformations in soils
The N cycle represents important processes in the soil, plant and atmospheric system,
whereby N is transformed from one form to another by a variety of earth processes (Figure
2.1). Nitrogen cycling involves five microbial processes: N fixation, mineralisation (decay),
nitrification, denitrification and immobilisation.

Figure 2.1

The Nitrogen cycle: inputs, transformations and outputs (Cameron, 1992).
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Nitrogen is present in three main forms in soil (Figure 2.2): (i) mineral N in soil solution
(NH4+, NO3-, NO2-), (ii) NH4+ ions held by clay minerals, and (iii) organic compounds in plant
tissue, soil organisms, and soil humus (McLaren and Cameron, 1996). Soils typically contain
between 2500 and 7500 kg N ha-1 within the top 15 cm depth, corresponding to 0.1 to 0.5%
of the earth’s total N. However, the vast majority of this N (over 95%) is in the form of
organic compounds and therefore is unavailable to plants. Organic forms of N become
available to plants when released by soil processes (e.g. mineralisation), and thus, plants rely
on continuous transformation of organic N to mineral N for survival (Cameron, 1992).

FIXED N IN
CLAY MINERALS

MINERAL
N

NH4+

NH4+
NO2NO3-

(1-6%)

(1-2%)
SOIL

ORGANIC NITROGEN
(94 - 98%)

Figure 2.2

The three forms of soil nitrogen (McLaren and Cameron, 1996).

Mineralisation is a vital process of the N cycle and is responsible for releasing organic
forms of N into inorganic or mineral forms by the activity of a wide range of soil organisms.
By the breakdown of complex proteins into amino acids, soil organisms cause the conversion
of amino compounds into ammonia. This is termed ammonification and provides the soil
micro-organisms with energy (Equation 2-1). The ammonia is then hydrolysed to NH4+ before
further soil processes such as nitrification. In contrast to mineralisation is the process of
immobilisation, whereby inorganic N forms are incorporated back into organic forms within
the soil (McLaren and Cameron, 1996).

R-NH2 + H2O → NH3 + R-OH + energy
Equation 2-1
Urea fertiliser is a widely used source of N in agriculture, and sustains a large percentage
of the world’s current food production. However, under poor management practices,
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significant N losses via ammonia volatilisation are possible, which can have indirect negative
implications on the environment. The production and transport of ammonia from soil has
been reviewed in detail by Haynes and Sherlock (1986), Bussink and Oenema (1998) and
Sommer, et al. (2004). Studies suggest that ammonia volatilisation can be minimised by a)
applying N fertiliser before the onset of rain or applying irrigation water directly after urea
application (Black, et al., 1987; Sanz-Cobena, et al., 2011), b) placing N fertilisers below the
soil surface (Sommer, et al., 2004) and c) using N fertilisers coated with a urease inhibitor,
slowing the rate of ammonia production (Sanz-Cobena, et al., 2008; Turner, et al., 2010;
Watson, et al., 1994).

2.3 The Nitrification Process
Nitrification is a significant process of the N cycle in soil involving the biological
conversion of NH4+ into NO3-. This is generally carried out by the activity of two groups of
specific autotrophic bacteria, which derive their energy solely from these oxidations of NH 4+
and nitrite (NO2-). The oxidation occurs in two steps: first the NH4+ is converted to NO2(Equation 2-2), which is further oxidised to NO3- (Equation 2-3). The conversion of NH4+ into
NO2- is predominantly brought about by the activity of Nitrospira bacteria, as well as
Nitrosomonas and Nitrosolobus species to a lesser extent. It has previously been believed
that Nitrosomonas species are the dominant bacteria involved in the first oxidative reaction
in nitrification, however, recent soil molecular biology research and phylogenic analysis has
shown that in many New Zealand dairy pasture soils the dominant ammonia-oxidising
bacteria are Nitrospira species rather than the Nitrosomonas species (Di, et al., 2009b).
Other studies have also indicated that Nitrospira are the dominant species involved in
nitrification (Avrahami, et al., 2003; Chu, et al., 2007). These studies were carried out under
several neutral pH arable fields receiving fertilisers.

2NH4+ + 3O2 → 2NO2- + 2H2O + 4H+ + energy
Equation 2-2
The subsequent oxidation of NO2- into NO3- is carried out by a single group of bacteria
called Nitrobacter bacteria. This process occurs rapidly, rarely allowing NO2- to accumulate in
the soil.
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2NO2- + O2 → 2NO3- + energy
Equation 2-3
Several heterotrophic microorganisms also oxidise NH4+ and NO2-, however little is known
about the importance of these organisms in association with nitrification in soil. Haynes
(1986) suggested that these organisms are of higher importance in conditions that are less
favourable for autotrophic nitrifiers, such as under waterlogging or extreme pH conditions.

Because nitrification is brought about by a very specific group of autotrophic bacteria, its
rate is generally sensitive to changes in soil conditions (McLaren and Cameron, 1996). The
effects of soil conditions on nitrification are discussed below.

(i) Soil pH
The optimal pH for nitrifying bacteria is thought to be in the range of 4.5 to 7.5 (Haynes,
et al., 1986). However, Allison and Prosser (1993) suggest nitrifying bacteria are most suited
to pH’s in the range of 7-9, with a lower limit for growth at approximately pH 6. In highly
acidic soils, deficiencies of nutrients such as Ca and Mg and/or Al toxicity can cause
inhibition of nitrification. The activity of nitrifiers may also be limited in soil conditions
greater than pH 7.5, whereby toxic levels of ammonia (NH3) may be present (Haynes, et al.,
1986). Generally, the liming of acidic soils causes a rise in the soil pH, resulting in the
stimulation of nitrification. The effect of soil pH variation on nitrification is illustrated in
Table 2.3.
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Table 2.3

Total nitrogen, soil pH and mineralisationa of soil nitrogen in 10 tropical soils
(Haynes, et al., 1986).
Total N
(%)

pH
(water)

Calahan sandy loam
0.11
3.4
Malinao loamy sand
0.09
3.7
Luisiana clay
0.18
4.4
Morong peat
0.56
5.6
Law Aw peat
1.20
6.1
Maahas clay
0.12
6.5
Quingua silty loam
0.12
6.5
Pila clay
0.19
7.5
Lipa loam
0.19
7.5
Maahas clay, alkalized
0.12
8.6
a
o
Soils incubated aerobically at 30 C for four weeks

Mineral N formed
(µg gm-1)
NH4+-N
NO3--N
89
0
93
0
102
0
242
5
404
116
31
106
18
115
21
123
17
98
21
118

(ii) Soil Temperature
The optimal temperature for the activity of nitrifying bacteria is between 25 and 30oC,
and nitrification is considered to be at a minimum below 5 oC and above 40oC (Figure 2.3).
Freezing and thawing cycles also effect nitrification in similar ways to wetting and drying,
and consequently stimulate pulses of nitrification (Haynes, et al., 1986).

Figure 2.3

Nitrification of added ammonium in a Hawaiian soil incubated at four
different temperatures (Haynes, et al., 1986).
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(iii) Soil moisture content and aeration
The maximum rate of nitrification generally occurs at soil moisture potentials in the range
of -10 to -33 kPa, depending on soil physical properties. At 0 kPa, nitrification is either
absent, or occurs at a very slow rate. This is primarily because increasing wetness reduces
oxygen availability (Haynes, et al., 1986).

The influence of soil moisture potential on nitrification is illustrated in Figure 2.4. With
decreasing soil moisture potential, below -10 to -33 kPa, there is a general decline in the
relative rate of nitrification. However, nitrification occurs abundantly even at permanent
wilting point (~1500 kPa) (Haynes, et al., 1986). At increasing soil moisture potentials below
permanent wilting point, nitrification is slowed at a significantly greater rate.

Nitrification is generally increased with cultivation, mainly because of rises in soil aeration
and ultimately oxygen availability (McLaren and Cameron, 1996).

Figure 2.4

Influence of soil water potential on nitrification of added ammonium in a silt
loam soil incubated at 21oC (Haynes, et al., 1986).
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(iv) Soil nutrient status and fertiliser applications
The amount of NH4+ in soils controls the activity of the nitrifiers. Nitrification is limited at
low concentrations of soil NH4+. Ammonium ions in soil can be competitively sourced by
vegetation, and therefore the amount available for nitrification may be restricted. This
results in smaller amounts of NO3- accumulating in the soil. Nevertheless, high
concentrations of soil NH4+ ions can also restrict the activity of Nitrobacter bacteria. This
potentially leads to the accumulation of NO2- in soil, for example following banded
applications of ammonia or urea, particularly in soils with high pH (Haynes, et al., 1986).

Phosphorus deficiency can also limit the rate of nitrification and may be important in
older soils with climax vegetation (Haynes, et al., 1986).

(v) Trace element toxicities
The application of waste products, e.g. sewage sludge, may inhibit nitrifying bacteria
because of soil contamination by trace elements. The inhibitory effects of increasing trace
metals concentrations in soil on nitrification are illustrated in Figure 2.5. Clearly, small
quantities of Cr, Cd and Cu are particularly detrimental to the rate of nitrification. The
addition of certain trace elements such as Zn, Pb and others to soils (5 µmol g-1 soil) can
inhibit Nitrobacter more than NH4+ oxidisers (i.e. Nitrospira bacteria), resulting in an
accumulation of NO2- (Haynes, et al., 1986). However, toxicity of applied trace elements is
greatly influenced by several soil variables.

11

Figure 2.5

Influence of increasing levels of DTPA-extractable metals on percentage
inhibition of nitrification in a silt loam soil (Haynes, et al., 1986).

(vi) Agricultural chemicals
Autotrophic nitrifying bacteria are considered among the most sensitive groups of soil
organisms to soil-applied pesticides (e.g. herbicides, insecticides). Some chemicals in
particular have been developed specifically for the purpose of decreasing the rate at which
nitrification occurs, and consequently reducing NO3- leaching and gaseous losses of N from
the soil (Haynes, et al., 1986).

Soil N is only available for plant uptake in two forms: (i) NO3-, and (ii) NH4+. However, as a
result of the transformation from NH4+ to NO3-, the NH4+ is converted into a form readily lost
from the soil by leaching or denitrification. Appreciable N losses through leaching usually
occur during periods of active NO3- formation, such as during the winter period (Haynes, et
al., 1986).

From an agronomic viewpoint, nitrification is of great importance because the formation
of NO3- by microbial activity is a major means whereby plants are provided with NO3-. It also
reduces the potential for ammonia volatilisation, whereby smaller amounts of NH 4+ are able
to accumulate at the soil surface level. In contrast to this, nitrification can be seen to reduce
the efficiency of plant N utilisation. This is because when NO3- is present in the plant, it must
be reduced back to NH3+ before it can be utilised and converted into proteins. Therefore
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NH4+ nutrition in plants avoid energy expenditure caused by NO3- reduction (Salsac, et al.,
1987).

2.4 Nitrate Leaching
It is inevitable that as the intensity of land use increases, there is also an increase in N
inputs to the soil system (Di and Cameron, 2002b; McLaren and Cameron, 1996).
Consequently, this can cause an increase in the amount of NO3- produced in the soil, leading
to increased potential for NO3- leaching. Nitrate leaching losses from soil into waterways not
only results in N use in-efficiencies, but is also a threat to the wider environment (Addiscott,
et al., 2005; Di and Cameron, 2002a; OECD, 1982; WHO, 1984; Wild and Cameron, 1980).
Excessive levels of NO3- in drinking water (>11.3 ppm) may cause methaemoglobinaemia in
babies, and has also been linked to cancer and heart disease (Goulding, et al., 2008).
Furthermore, NO3- in water bodies can contribute to eutrophication, which may result in
algae blooms and the loss of aquatic life.

In grazed pasture systems, the urine patch is the main source of NO 3- leaching losses,
which can cover up to 23% of a grazed pasture on an annual basis (Dennis, et al., 2011; Moir,
et al., 2011). This is because the N contained within an animal urine patch is far greater than
that which is readily assimilated by plants. Approximately 60-90% of N ingested by the
grazing animal is returned to the soil-pasture systems, of which 70% is passed out in the
urine. Furthermore, the N loading rate under a dairy cow urine patch can reach as high as
1000 kg N ha-1 (Di and Cameron, 2002a; Haynes and Williams, 1993; Luo, et al., 1999).

If water drains through the soil, leaching losses will occur when concentrations of N in the
soil exceed pasture requirements. Sometimes N fertilisers are applied to soils at rates higher
than those required for maximum N uptake by plants, leading to an increase in NO 3leaching. However, if high fertiliser efficiency is maintained (e.g. through appropriate rates
and timing of application) the leaching loss can be minimised. Similarly, the use of optimum
irrigation rates as opposed to excessive irrigation rates can keep leaching losses to a
minimum. However, effectively managing N losses from animal urine areas as part of New
Zealand’s general farm practice is virtually impossible. It is therefore necessary to adopt
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mitigation technologies that are specifically designed to target N losses from these
concentrated areas.

2.4.1 Mechanisms and chemistry of nitrate leaching
Nitrate leaching is primarily governed by soil moisture and relative rates of drainage.
When soil moisture content exceeds field capacity (-5 to -20 kPa, depending on soil physical
properties), soil macropores are unable to store water, and therefore water drains through
the soil profile. Soil NO3- is very mobile in soils, and is therefore leached when drainage
occurs.

Movement of dissolved ions such as NO3- through soil is governed by two mechanisms: (i)
mass flow or convection of the chemical with moving soil solution, and (ii) diffusion of the
chemical within the solution (Jury and Nielsen, 1989). Because convective flow paths in
solution are very difficult to determine, a volume-averaged expression is used to describe
mass flow. The additional 3-dimensional convection which has been averaged out of mass
flow expression is included as a separate solute transport mechanism, called hydrodynamic
dispersion.

(i) Convection
Convective transport is a concept of solute movement with ‘mass flow’ of water in soil.
The concept of mass transport by convection is given in Equation 2-4:

JSC = JWC
Equation 2-4
where JSC is the mass of solute per unit area per unit time transported by convection, J W is
the water or soil solution flux (averaged over many pores), and C is the solute concentration
in mass per solution volume (Jury and Nielsen, 1989). This is called piston flow or piston
displacement, whereby the soil water moves downwards, pushing in front of it the water
that was previously in the same body of soil (Addiscott, et al., 1991; Jury and Nielsen, 1989).
For example, 20 millimetres of rain displaces an equivalent volume of soil water. However,
because the soil has a solid phase that is immobile (approximately 50% solid, 50% water/air),
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the distance moved in the liquid phase is greater than 20 millimetres. This is because soil is
not structurally uniform, and therefore soil water moves through the profile at different
rates (concept of hydrodynamic dispersion, see below). As this occurs, moving water
becomes dispersed, therefore dispersing NO3- in solution also.

(ii) Diffusion
Solutes dissolved in soil solution spread out from areas of high concentration to areas of
low concentration under the influence of molecular-scale collision, a process known as
molecular diffusion (Jury and Nielsen, 1989; McLaren and Cameron, 1996). The diffusive flux
of solute JSD in one dimension is described by Fick’s law of diffusion, which in water is written
as:

JSD = -DSW ∂c/∂z
Equation 2-5
where DSW is the binary diffusion coefficient of the solute in water, ∂c/∂z is the solute
concentration gradient (Jury and Nielsen, 1989; McLaren and Cameron, 1996). In soil, the
decreased cross sectional area and increased path length that the solutes must move
through because of the solid and air barriers is not accounted for, and therefore this
expression must be modified (Jury and Nielsen, 1989). As shown in Equation 2-6, this
modification is expressed empirically by multiplying the right hand side of Equation 2-5 by a
tortuosity factor ε(θ) < 1:

JSD = - ε(θ)DSW ∂c/∂z
Equation 2-6
The tortuosity factor has been measured in a number of studies, and has been found to
decrease nonlinearly with decreasing θ (Jury and Nielsen, 1989).
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(iii) Hydrodynamic Dispersion
As a consequence of averaging the soil water flux JW in Equation 2-4, hydrodynamic
dispersion is brought about. This is so that the solute convection term J SC no longer
represents all of the solute carried by moving water. Hydrodynamic dispersion can be
defined as longitudinal and lateral spreading (at the microscopic level) of a solute being
advected though porous media due to mechanical dispersion and molecular diffusion. This
can be easily visualised using the example of a cylindrical soil column through which water is
flowing at an average flux rate JW in steady state. By the principle of water conservation,
each section of the column must have the same average one dimensional flux rate in steady
state, but on a microscopic soil pore level, the water is moving around all of the solid
obstacles in a complex 3-dimensional route. When solute is introduced at one end of the
column, it will not only diffuse and be convected with the average water flux J W, but will also
spread out as it moves with the water around the solid obstacles (Jury and Nielsen, 1989).

The flow of water (volume/area/time) through homogeneous isotropic unsaturated soil is
expressed quantitatively in one dimension through the Buckingham-Darcy law (Equation 27).

JW = -K(h)[ ∂h/∂z + 1]
Equation 2-7
where JW (m s-1) is water flux rate, h (m) is matric potential head, and K (h) is the unsaturated
hydraulic conductivity, which is strongly dependent on the matric potential, or the
volumetric water content θ of the soil.

(iv) Combined convective-diffusive-dispersive transport
Fluxes and solute concentrations can vary in time and space in soil. To account for these
momentary-state conditions, the continuity equation must be combined with all the
transport processes as outlined above (McLaren and Cameron, 1996). The overall equation
describing convective-diffusive-dispersive transport can then be written as:
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∂c/∂t = Da(∂2c/∂x2) – U(∂c/∂x)
Equation 2-8
where Da is the ‘apparent diffusion coefficient’ and represents the sum of molecular
diffusion plus hydrodynamic dispersion (McLaren and Cameron, 1996).

Other factors affecting solute transport include macropore effects (through earthworm
activity, root growth, freezing and thawing, wetting and drying), soil reaction (e.g.
interactions with other cations such as Ca2+ and K+ which bind to cation exchange complexes
of the soil), transformations in soil (e.g. immobilisation) and plant uptake of solutes
(McLaren and Cameron, 1996).

2.4.2 Forms and nature of nitrate in soil
Nitrates are present in soils in a number of forms (i.e. sodium nitrate, potassium nitrate
(KNO3), calcium nitrate). These are highly water soluble and when, for example, KNO 3
dissolves, it does not remain as KNO3. Instead it undergoes a process known as dissociation
whereby the K+ and NO3- become independent entities in the solution (Addiscott, et al.,
1991). When dissociation takes place, each molecule has an electrical charge (e.g. KNO 3: K
becomes K+, NO3 becomes NO3-). In temperate soils, NO3- anions are not held by the largely
negatively charged soil colloids and instead are repelled into the soil solution.

The electrical charge of soils has a large effect on NO3- leaching and is mainly driven by
clay and organic matter content. Soils with greater negative charges are more inclined to
repel the negatively charged NO3- anions and therefore increase NO3- leaching potential. Soil
clays readily accumulate electrical charges, and whether the overall charge is positive or
negative depends on the pH. In most temperate regions of the world, soils are given lime
(CaCO3) to increase soil pH and ensure they do not become too acidic. Most temperate
agricultural soils have pH’s in the range of 5.5 – 8, and therefore carry an overall negative
charge (Addiscott, et al., 1991). In wet tropical regions, soils tend to be acidic (higher H+: OHratio) and therefore have an overall positive charge. Consequently, NO 3- molecules are able
to bind to the soil colloids and therefore the leaching potential is significantly less (Wild,
1972; Wong, et al., 1987).
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2.4.3 Factors affecting nitrate leaching
In most agricultural systems, there are two main factors that determine the amount of
NO3- leached from the plant root zone: (i) the amount of NO 3- accumulated in the soil above
that required by plants, and (ii) the rate and volume of drainage. Other factors also affecting
NO3- leaching include soil texture and structure, climate and management practices.

(i) Soil
Nitrate leaching losses from fine-textured soils are generally less than those from coarsetextured soils, largely because of slower drainage and greater potential for denitrification.
The ability of a soil to retain moisture and prevent leaching is described as the water holding
capacity (WHC) of the soil. Generally coarse-textured soils have a lower WHC and therefore
reach field capacity relatively quickly. As a result, additional soil moisture over and above
field capacity is highly susceptible to being leached through the large macropores of the soil.
However, water movement can be restricted by natural barriers, e.g. clay pan, and either
field capacity takes longer to be obtained or the excess water exits the system via runoff.

Because soils vary greatly in structure, it is difficult to precisely determine field capacity
due to the highly diverse leaching dynamics of soils. However, field capacity can be
described as the state of soil after rapid drainage has effectively ceased and the soil water
content has become relatively stable (McLaren and Cameron, 1996).

Soil macropores, e.g. earthworm channels, root channels and large cracks, can have a
significant effect on NO3- leaching (Silva, et al., 2000; Timlin, et al., 1994; Watson and
Luxmoore, 1986). For example, when soil conditions are dry, N fertiliser applied to the soil
surface can be washed through large cracks or channels by rainfall or irrigation water, thus,
by-passing finer pores (Di and Cameron, 2002a).

(ii) Climate
Nitrate leaching losses are strongly affected by climate or seasonal conditions. During
seasons with high amounts of drainage, NO3- leaching losses are usually increased, e.g.
during the autumn-winter period when evapotranspiration is low and rainfall frequency is
high (Di and Cameron, 2002a). As a result, mineral-N from the various sources is prone to
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leaching. A publication by Di, et al. (1999) indicated that in one year 15-19% of autumnapplied N (NH4Cl) was leached compared with 8-11% of that applied in spring. In addition,
the N use efficiency by plants of autumn applied N fertiliser was correspondingly lower than
that applied in spring.

Summer weather conditions can have a considerable impact on NO 3- leaching over the
following winter. Long periods of hot, dry conditions can cause increased N leaching losses
during the winter than cool summers (Scholefield, et al., 1993). This is most likely because of
lower N uptake by plants, lower denitrification rates, and perhaps greater mineralisation
upon re-wetting following a long hot, dry summer season.

(iii) Management practices
The amount of fertiliser and effluent applied has a significant effect on NO 3- leaching
losses. When N is applied at quantities in excess of those required for plant uptake, N
surpluses can accumulate within the soil and thus, be susceptible to leaching when there is
drainage occurring. Various studies have indicated that to ensure N concentrations in
drinking water do not exceed the standard 11.3 mg N L-1 as a result of drainage, split
application rates of urea to ryegrass/clover pasture grazed by dairy cows should not exceed
200 kg N ha-1 yr-1. For cut and carry ryegrass/clover pasture systems, application rates should
not exceed 400 kg N ha-1 yr-1 (Di and Cameron, 2000). This is significantly higher because of
the impact of animal urine returns on NO3- leaching in the former.

In temperate cropping systems, NO3- leaching losses are considerably affected by postharvest management. Research has shown that the use of cover crops after harvesting can
be effective in reducing NO3- leaching compared to bare fallow. For example, a New Zealand
study by McLenaghen, et al. (1996) showed that the N leaching loss under a ryegrass cover
crop was 92% less than that from bare fallow soil (Figure 2.6).
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Figure 2.6

Nitrate leaching losses under different winter cover crops compared with that
under fallow from a New Zealand study (McLenaghen, et al., 1996).

Other management practices such as timing of ploughing ley and periods of fallow, and
the incorporation of straw into soil in autumn (high C:N ratio) can also affect NO 3- leaching
losses from soil (Di and Cameron, 2002a).

2.4.4 Adverse effects of nitrate leaching
Eutrophication
Nitrate leaching can cause serious harmful effects to surface waters by initiation of
eutrophication. High NO3- concentrations in lakes and streams can significantly increase the
growth of aquatic plants and algae, and consequently alter the nature of the ecosystem. This
has negative implications on recreational activities such a swimming, boating and fishing, but
more importantly it can cause depletion of dissolved oxygen in the water through the
breakdown of plant residue (Figure 2.7). Low oxygen levels may consequently cause a
depletion of fish and other aquatic life.
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Figure 2.7

Dissolved oxygen sag curve in stream showing the effect of discharge of
organic effluent (McLaren and Cameron, 1996).

Nitrogen levels that can enter waterways before causing the onset of eutrophication will
differ greatly, and depend on factors such as the size of the water body, present N status,
and whether N is limiting its productivity. It is therefore difficult to accurately determine
when a water body is deemed as being in a eutrophic state. Cognetti (2001) quoted that
“determination of nutrient and chlorophyll concentration in the waters is not sufficient to
provide information on the severity of eutrophication. Indeed, in eutrophic ecosystems, very
low concentrations of nutrients are generally found, because they are stored in sediments.”
However, Jin and Tu (1990) suggested a lake may be eutrophic if the total N exceeds 1.4 mg
L-1.

Drinking Water Quality
Nitrate leaching from soil can result in elevated NO3- concentrations of drinking water,
imposing potential harmful effects to humans when consumed. At high concentrations, NO 3can cause methaemoglobinaemia (commonly known as “blue baby syndrome”) in infants,
particularly in those less than three months of age. Methaemoglobinaemia is a condition
whereby the oxygen carrying capacity of the blood is severely depleted.

Although NO3- is seen as the principle cause of methaemoglobinaemia, nitric oxide is
more specifically responsible for metheamoglobinaemia rather than NO3-. This free radical
converts the haemoglobin in blood to an abnormal oxidised form known as methaemoglobin
that cannot bind oxygen very well (Addiscott, et al., 2005). However, Hegesh and Shiloah
(1982) found that gastroenteritis was almost exclusively the cause of methaemoglobinaemia
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in infants admitted to hospital. Furthermore, they found no correlation between
methaemoglobinaemia and the NO3- in water ingested by the infant. Gastroenteritis causes
stimulation of a defence mechanism in the body that produces nitric acid, and therefore
causing methaemoglobinaemia. Bottle-fed infants under three months of age have a high
probability of developing gastrointestinal infections because of their low gastric acidity,
which is another important reason to consider these infants as a risk group (WHO, 2007).

In the UK, only one case of methaemoglobinaemia has ever been recorded when the
concentration of NO3- in the water was less than 100 mg L-1. In that incidence the
concentration of NO3- was 95 mg L-1 and the water was from a well polluted by bacteria
(Addiscott, et al., 2005). However, in the USA, information gathered by Avery (1999)
indicated 214 cases of methaemoglobinaemia, all of which were associated with wells (Table
2.4). These cases were almost exclusively in infants under the age of three months.

Table 2.4

Summary of cases of methaemoglobinaemia in the USA and the
concentrations of nitrate in the well-water involved (Addiscott, et al., 2005).
Nitrate Concentration
(mg L-1)

Number of cases

% of total cases

0-44

0

0.0

44-89

5

2.3

89-222

36

16.8

222-443

81

37.8

443+

92

43.1

Secondary medical problems associated with NO3- in drinking water include stomach
cancer and childhood diabetes. However, the relevance of these conditions in terms of NO 3in drinking water is somewhat uncertain.

Nitrate can also cause methaemoglobinaemia in ruminant animals, particularly those that
graze high NO3- pastures. In terms of NO3- in water, concentrations of 40 – 100 mg NO3- L-1
are considered risky and may lead to fatality (Di and Cameron, 2002a).
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Due to increasing media attention and the various medical concerns around NO 3- in
drinking water, various global organisations have created guidelines for drinking water
quality. The World Health Organisation (WHO) recommends that infants not be given water
exceeding 100 mg NO3- L-1 (22.6 mg NO3--N L-1) and therefore have set a guideline value of 50
mg NO3- L-1 (11.3 mg NO3--N L-1) for all drinking water, regardless of who it is consumed by
(WHO, 2007).

In New Zealand, more than 39% of groundwater monitoring sites have levels of NO3- that
are elevated above natural background levels, most likely because of human activity, i.e.
nutrient runoff from fertilisers and stock effluent, and leaching of NO 3- from animal urine
depositions. For the period 1995 to 2008, the national median NO 3- level of monitored
groundwater was 1.7 mg NO3- L-1, a somewhat low risk level of NO3-, well below drinking
water guideline of 11.3 mg NO3- L-1 (Figure 2.8). However, during this same time period,
almost 5% of monitoring sites had median NO3- levels exceeding the drinking water
guideline. Nonetheless, the proportion of these sites used to supply water for people is not
known, and is likely to be low (Ministry for the Environment, 2009).
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Figure 2.8

Median nitrate levels for the period 1995 to 2008 for 914 groundwater sites in
New Zealand (Ministry for the Environment, 2009).

2.5 Plant Species Effects on N Leaching
Nitrate leaching losses are not only affected by drainage, but also by the rate at which
plants take up soil N. It may be an advantage in grazed-pasture systems to use pasture
species that have the greatest potential to take up soil N to effectively minimise NO 3leaching. This is likely to improve the efficiency of the N cycle because N inputs can be
minimised as a result of a reduction in N leaching losses.

Under normal field conditions, the types of plant species that have the greatest ability to
capture soil N during the leaching period are unknown. There are many physiological factors
affecting N uptake by plants, and the significance of these in various field situations can only
be determined through future research. Factors such as root depth, root density, seasonal
growth patterns, water use efficiency and shoot to root ratios all influence the ability of
plants to capture soil N. For example, alfalfa has a deep rooting system that is capable of
taking up soil N from up to 3 m in depth, whereas shallow crops (e.g. potatoes) are less
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capable of taking up N from this considerable depth in the soil profile and therefore leave
large residues of N in the soil that is highly susceptible to leaching (Webb, et al., 1997).

In New Zealand grazed-pasture systems, perennial ryegrass (L. perenne) is the dominant
grass used. However, this species of grass has a moderately shallow root system, with
approximately 80-85% of its root mass in the top 15 cm of the soil (Bolinder, et al., 2002;
Haynes and Williams, 1993; Troughton, 1957). Furthermore, findings by Crush, et al. (2005)
indicated that RG187 perennial ryegrass does not reach a rooting depth of one metre, unlike
other species such as prairie grass which can reach depths well in excess of one metre.

A vital question yet to be answered is ‘are there other plant species aside from perennial
ryegrass that can be adapted to New Zealand grazed-pasture systems that have root
architectures with the added ability to capture greater amounts of soil N, reducing NO3leaching losses?’ Logical thinking would suggest that plants with greater root depths and
densities are likely to capture larger amounts of plant-available N, and consequently reduce
N leaching losses from grazed pasture systems. Ledgard (2001) stated that the use of
appropriate deep-rooted perennial species may reduce N losses and increase N cycling
efficiency. Furthermore, deep roots may have other associated benefits to soil, such as the
storage of soil organic carbon (SOC) and N following an intensively cropped soil. A study by
Carter and Gregorich (2010) investigated the effect of tall fescue on SOC and total N (TN)
storage on a soil that had reached equilibrium under a long term rotational wheat, barley
and soybean system. It was reported that after seven years, SOC increased by approximately
80% and TN 220% at 40-60 cm soil depth. However, it is evident that the literature contains
very limited information regarding the use of specific pasture species for environmental
purposes.

Some preliminary glasshouse trial work by Popay and Crush (2010), Nichols and Crush
(2007) and Crush, et al. (2007; 2005) measured root distribution, NO3- leaching and NO3interception dynamics of various forage grasses. These studies indicated that NO3interception and leaching could potentially be affected by various genetic attributes of
plants. Findings by Popay and Crush (2010) indicated that for a Taupo pumice soil, the
deeper rooting species such as Phalaris aquatica (phalaris) and Dactylis glomerata
(cocksfoot) leached significantly less (97.0 and 99.8%, respectively) NO 3- than that of Lolium
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perenne (perennial ryegrass) species (Table 2.5). This result was highly correlated with N
uptake, given that N uptake was highest in those species that resulted in the least amount of
NO3- leached. Furthermore, A. capillaris (brown top) intercepted 0.99 of the applied
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N,

compared with 0.44 from that of L. perenne, and reduced NO3- leaching by 95% of that of L.
perenne.

Table 2.5

Average leachate volume (L/lysimeter), nitrate concentration in leachate, and
total nitrate recovered in leachate for Lolium perenne (Lp), L. multiflorum
(Lm), Phalaris aquatica (Pa), Agrostis capillaris (Ac), Dactylis glomerata (Dg),
and a mixture of L. multiflorum and A. capillaris (Lm/Ac) species (Popay and
Crush, 2010).
Species and mixture

Variable

Lp

Lm

Pa

Ac

Dg

Lm/Ac

s.e.d.†

s.e.d.‡

Level of significance

7.6

5.4

2.4

4.8

2.3

4.2

1.007

0.80

***

C. conc. (mg kg )

5.13

0.38

0.34

0.37

0.04

0.03

Log N conc.

0.033

-1.389

-1.352

-1.367

-1.535

-1.677

0.664

0.525

*

Total N (mg)

48.0

2.21

1.48

2.33

0.10

0.16

Log total N

0.900

-0.665

-1.043

-0.698

-1.220

-1.077

0.731

0.579

**

Leachate
Volume (L)
-1

Crush, et al. (2005) found that NO3- interception was most significant in plants with finely
divided root structures and larger surface area to weight ratios (e.g. A. capallaris), similar to
those found by Popay and Crush (2010). Following applications of nutrient solution
containing 15N-labelled NO3-, A. capillaris was shown to take up 34% more N in comparison
to L. perenne (Table 2.6).
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Table 2.6

Root weights [g dry matter (DM)], nitrogen (N) concentration (g kg-1 DM) in
roots, and uptake of 15N (mg g-1 root weight) (Crush, et al., 2005).

Species

Root weight

Agrostis capillaris
Arrhenatherum elatius
Bromus willdenowii
Cynosurus cristatus
Dactylis glomerata
Elytrigia repens
Lolium multiflorum
Lolium perenne
RG 187
Phalaris aquatica
Phleum pratense
Schedonorus phoenix
LSD0.05

0.37
1.28
0.77
0.71
1.72
0.44
1.79
1.05
0.93
1.68
1.58
1.07

Root N
concentration
13.3
17.5
16.7
12.0
10.5
25.9
13.5
16.9
15.7
13.5
13.2
16.4

0.33

2.10

N uptake
0.43
0.27
0.31
0.24
0.24
0.32
0.34
0.32
0.26
0.32
0.22
0.31
0.06

A previous study by Bowman (1998) reported NO3- leaching losses and plant N uptake as
affected by two genotypes of creeping bent grass (Agrostis palustris [A. stolonifera var.
palustris]) with different root architectures (deep rooting cv. shallow rooting). Here, column
lysimeters were used with two ceramic extraction cups attached to the base of each. Results
showed that NO3- concentrations and total N leached

from the shallow-rooted (SR)

genotype were approximately twice that of the deep-rooted (DR) genotype (Table 2.7). An
average of 38 and 18% of the applied N leached from the SR and DR genotypes, respectively.

Table 2.7

Peak NO3- concentration in the leachate and cumulative N leached from
creeping bentgrass (Bowman, et al., 1998).

Genotype

Irrigation

Peak [NO3-]

Cumulative N leached

SR
SR
SR

cm day-1
1
2
3

mg N L-1
26.0
23.1
30.3
26.5

% of applied N
33.8
38.9
41.9
38.2

1
2
3

14.6
13.2
12.8
13.5
11.9

14.5
18.6
22.4
18.5
8.3

Mean
DR
DR
DR
Mean
LSD (0.05)
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A more recent study by (Pirhofer-Walzl, et al., 2010) investigated the
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N uptake from

shallow- versus deep-rooted plants in multi-species and monoculture grassland system. In
contrast to their hypothesis, they found that growing deep-rooted plant species in mixture
with shallow rooted species did not increase the N uptake from deep soil layers.

Although these particular studies have suggested that certain root architectures could
reduce NO3- leaching losses, the trials were predominantly carried out using packed columns
of sand in glasshouse environments. Various technical complications can arise with this type
of methodology, making it difficult to transfer the results to field situations. For example, (i)
pure sand has no physical structure and therefore there are no pore-system effects, (ii)
organic matter content is nil, (iii) there are no clay particles, significantly affecting the cation
exchange capacity (CEC) potential, and (iv) there is no allowance for climatic variation.
Furthermore, animal urine (identified as the main source of N leaching losses) was not used
in any of these studies, and a nutrient solution was used in place of N fertiliser. Further work
is therefore required to more accurately quantify plant architectural effects on N leaching
losses under field conditions.

Plants adapted to achieving greater yields during the cool season (i.e. when drainage is
often high) may also be an advantage. This may allow plants to capture considerably greater
amounts of N in soil solution that would otherwise be leached. A New Zealand study by
Stewart (2001) compared NO3- leaching from perennial ryegrass with winter active swamp
phalaris as affected by N fertiliser inputs of 100, 300, 600 and 1200 kg N ha-1 yr-1. Results
indicated that at rates of 100, 300 and 600 kg N ha-1 yr-1, NO3- leaching from winter active
phalaris plots was significantly less than that observed from perennial ryegrass plots (Figure
2.9). However, at a N loading of 1200 kg N ha-1 yr-1 (representing a cow urine area), there
was no difference seen between the two grasses in terms of NO 3- leaching. Although NO3leaching from phalaris appeared to be significantly less at an N loading of 600 kg N ha-1 yr-1
or less, this may not only be a seasonal growth pattern effect, but may also be a result of the
deeper root system of phalaris. Further research is required in this area.
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Figure 2.9

NO3- concentration in drainage water of two plant species as affected by
different rates of N fertiliser (100 300 600 and 1200 kg N ha-1 yr-1) (Stewart,
2001).

Pasture compositions of high diversity (i.e. pastures capable of growth during warmer and
cooler periods of the season, higher N utilisation efficiency) may also enable the efficient
capture of soil N. Ruz-Jerez, et al. (1991) compared N utilisation of three different types of
pastures; ryegrass-white clover, pure ryegrass receiving N fertiliser, and herbal ley (nonaggressive grasses, forage legumes and herbs). Results indicated greater N utilisation by the
herbal ley and grass-clover pastures than pure ryegrass pasture. Furthermore, although N
inputs were very similar, the annual N utilisation by the herbal ley pasture over the two year
period was 13-25% greater than that of the grass-clover pasture, resulting in a 30-33%
greater dry matter production (Table 2.8). So the herbal ley, while fixing a considerable
amount of atmospheric N, somehow enhanced the utilisation of soil N such that a larger
amount of N was taken up to produce a more substantial herbage yield than that of the
grass-clover sward.

Table 2.8

Nitrogen and DM yield, N input and N utilisation of three different pasture
swards (Ruz-Jerez, et al., 1991).
Herbage yield
(t/ha)

Herbage N
N input*
yield (kg/ha)
(kg/ha)
1989-1990
Grass-clover
10.9
327
150
Herbal ley
14.2
455
156
Grass + N400
17.5
562
420
1990-1991
Grass-clover
12.5
371
123
Herbal ley
16.6
528
144
Grass + N400
16.8
534
400
* N input = symbiotic N fixation or fertiliser N

kg DM yield
kg N input
72.7
91.0
41.7
101.6
115.0
41.0
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In addition to this, Ruz-Jerez, et al. (1995) conducted a study to investigate NO3- leaching
under clover-based pastures and nitrogen-fertilized grass. Results suggested that mixed
pasture compositions (grass-clover, herbal ley; mixture of legume, non-aggressive grasses
and deep rooting herbs) may be more effective at reducing NO 3- leaching than pure
perennial ryegrass with high N fertiliser inputs. Average NO3- leaching losses from the mixed
pasture treatments was 4.4% of N input, compared with 10.3% from the grass alone
treatment (Table 2.9).

Table 2.9

Pasture
Grassclover
Herbal ley
Grass +
N400

N leached (May to August 1990) in relation to N input, herbage N yield and
grazing days from September 1989 to August 1990 in New Zealand (Ruz-Jerez,
et al., 1995).
Leaching loss
N input1
-1
(kg NO3 -N ha ) (kg N ha-1)

Herbage N
yield1
(kg N ha-1)

Soil-generated
N3
(kg N ha-1)

Stocking rate
(s.u. ha-1)

5.8

144

357

213

23

7.3

152

476

324

27

41.1

400

589

189
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The results of these two studies by Ruz-Jerez and associates were obtained under sheep
grazing, and cannot directly be extrapolated to dairy grazing systems where most losses
occur, without further research. Furthermore, Ruz-Jerez, et al. (1995) estimated drainage
and associated N leached through daily water balances and NO3- concentrations of soil
solution between 30 and 45 cm. It is therefore necessary for future studies to adopt more
quantitative protocols that are capable of generating actual drainage in field conditions (i.e.
monolith lysimeters).

2.5.1 Computer simulation models
Simulation models have also been used to investigate root distribution effects on NO3capture, and effectively NO3- leaching losses. For example, Dunbabin, et al. (2003) ran a
three-dimensional root architectural model called ROOTMAP comparing a range of root
architectures of various cropping plants under two rainfall regimes, and examined their
capacity to reduce NO3- leaching in a sandy soil profile (Figure 2.10).
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Figure 2.10

Two dichotomous (bifurcation) schemes, showing a) the tap rooted
arrangement used in the models and b) a traditional bifurcation scheme.
Numbers indicate the order of branching from the taproot (0 o) to the first (1o)
and higher order laterals. In this modelling exercise all fourth (4 o) and higher
order branches were included in the third-order (3o) class, giving them the
same growth characteristics as the third-order roots (Dunbabin, et al., 2003).

The generated results from the simulation model as shown above suggested that plants
capable of producing a high density of roots in the top soil early in the season have the
greatest potential to capture soil N, effectively reducing NO3- leaching losses (Figure 2.11). In
this simulation, reducing the root radii and increasing rooting density, the ‘fine’ L.
angustifolius root system acquired 38-43% (7.1-8.9 kg N ha-1) more NO3- than the coarser L.
angustifolius type, and the ‘fine’ herringbone root system acquired 24-36% (4.5-5.4 kg N ha1

) more NO3- than the coarser (lower density) herringbone type. These results are somewhat

in line with findings by Crush, et al. (2005) on the basis that finer root structures have the
greatest potential to capture soil N.
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Figure 2.11

Total nitrate taken up (closed bars, kg N ha-1) and total nitrate leached (open
bars, kg N ha-1) over 108 simulation days by seven root architectures. Two
rainfall distributions were applied: a) high rainfall in early season, and b) high
rainfall late in the season (Dunbabin, et al., 2003).

The results from this computer simulation model (Figure 2.12) clearly demonstrate that
root distribution may have an effect on NO3- leaching losses, particularly those of fine
structure and high density. However, this model does not represent a typical New Zealand
grazed-pasture soil, and thus, further work is required to test and improve alternative
existing models that are more suited to New Zealand conditions.

2.6 Modes of Nitrifiation Inhibition
Nitrification in soil involves a series of chemical reactions whereby the result is a net
transfer of eight electrons. This is overall an energy producing process. However, there are
two major groups of inhibitors that are capable of suppressing nitrification: (i) specific
inhibitors, and (ii) non-specific biological inhibitors. Controlled nitrification is a concept
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whereby natural mineralisation is allowed to occur to produce NH4+, followed by temporary
inhibition of the first stage of nitrification (Amberger, 1989). During previous decades, these
inhibitors have been used as a coating on N fertilisers to alter the release pattern of the
fertiliser, and slow the conversion of NH4+ into NO3-.

(i) Specific Inhibition
Specific inhibition involves the concept whereby compounds bind enzymes, chelate
metals and heme proteins. These compounds are also capable of influencing uncouplers of
oxidative phosphorylation or electron transfer, and may act as trappers of free radicals
(Hauck, 1980).

(ii) Non-specific Biological Inhibition
Non-specific inhibition involves the suppression of growth and/or activity of nitrifying
organisms. This is brought about by the creation of unfavourable micro-environments,
through stimulation of growth of competitive micro-organisms, disruption of membranes
and cell ultra-structure, or by interference with the reductive assimilation of carbon dioxide,
respiration, or other metabolic activities common to other autotrophic micro-organisms.
These compounds include phenol, acetone, sulfides, sulfones, sulfoxides, dithiol, mercapto
derivatives, azides, urethanes, guanidine, and some amino acids such as cysteine,
methionine, and histidine (Hauck, 1980).

2.6.1 The nitrification inhibitor dicyandiamide
The nitrification inhibitor, dicyandiamide (DCD), is a specific inhibitor and is a dimeric
form of cyanamide. Dicyandiamide of formula HN=C(NH2)-NH-CN (solubility 23 g L-1 at 13oC;
melting point 207oC; N content 67%) can be formed from calcium cyanamide (CaCN2), a
somewhat obsolete fertiliser. The product is manufactured from atmospheric nitrogen and
calcium carbide (CaC2) (Slangen and Kerkhoff, 1984). CaCN2 in water reacts to CN2 H2=
cyanamide, and at high concentrations of calciumcyanamide a considerable part of
cyanamide is converted to dicyandiamide (Figure 2.12).
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Figure 2.12

Schematic diagram of the decomposition of cyanamide in soil (Slangen and
Kerkhoff, 1984).

As seen from the schematic diagram of Figure 2.13, DCD decomposes via guanylurea into
urea and/or ammonia. Initial decomposition takes place on surfaces of metal oxides
(especially iron oxides and hydroxides) by catalytic addition of water to DCD to form
guanylurea. This compound is then transformed mainly by micro-organisms through further
addition of water and decarboxylation to guanidine, and finally, to urea which is quickly
degraded by the enzyme urease. The end products of DCD degradation, therefore, are CO2,
NH3, and H2O (Amberger, 1989).

Recent development in the method of use of DCD (commercially known as ‘eco-n’) has
enabled the application of DCD on its own (i.e. without fertiliser). It is now applied in liquid
form as a fine particle suspension, making it a treatment of the whole soil. Consequently, its
purpose is to slow the production of NO3- by nitrification largely in animal urine patches,
acting on the first stage of nitrification (Figure 2.13).
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Nitrospira

Nitrobacter

Figure 2.13

The site of influence of DCD on nitrification, by which the rate of conversion of
ammonium in the soil is slowed, thus, reducing the loss of N (Cameron, et al.,
2005; Di and Cameron, 2002a).

The nitrification inhibitor, DCD, acts by occupying the site at which NH 4+ ions are
converted into NO2- ions, on an enzyme called ammonia monooxygenase used by the
Nitrospira and Nitrosomonas europaea bacteria (Figure 2.14). This effect is more specifically
due to the reaction of the C=N group of DCD with sulfhydryl or heavy metal groups of the
bacteria’s respiratory enzymes (Amberger, 1989).

Figure 2.14

The action of DCD on the enzyme ammonia monooxygenase (Christie and
Roberts, 2004).
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2.7 Effect of Nitrification Inhibitors on Soil Processes and Pasture Plants
2.7.1 Effect of nitrification inhibitors on nitrification
The compound DCD has recently been used in New Zealand to reduce N losses from
grazed-pasture systems. The effectiveness and persistence of DCD is strongly dependent on
soil temperature. DCD has been shown to be most effective in cool (<10 oC) soil temperatures
(Table 2.10). Di and Cameron (2004b) showed for a Lismore silt loam soil at a soil
temperature of 20oC, the half-life of DCD was approximately 20% compared to that of a soil
temperature of 8oC.

Table 2.10

Breakdown rate constants and half-lives of DCD in the soil as affected by
incubation temperature (Di and Cameron, 2004b).

Urine + urea + DCD 7.5
Urine + urea + DCD 15

Breakdown rate
constant (day-1)
Incubated at 8oC
0.00567
0.00542

Urine + urea + DCD 7.5
Urine + urea + DCD 15

Incubated at 20oC
0.0266
0.0373

Treatments

Half-lives
(days)

R2

P

111
116

0.70
0.69

0.04
0.04

25
18

0.95
0.93

0.001
0.002

Furthermore, Di and Cameron (2004b) also measured the effect of soil temperature on
the rate of nitrification, and more specifically the rate at which NH4+ ions were oxidised in
the soil (Table 2.11). At 8oC, the concentration (as measured by the ‘nitrification rate
constants’) of NH4+ from the cow urine or urea fertiliser decreased rapidly when DCD was
not applied. However, when DCD was applied at either 7.5 or 15 kg ha -1, the NH4+
concentration remained significantly higher for a longer period of time. The effect was
similar at a soil temperature of 20oC.
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Table 2.11

The influence of applied DCD, and incubation temperature, on nitrification
rate constants in soil (Di and Cameron, 2004b).

Treatments
Urine + urea
Urine + urea + DCD 7.5
Urine + urea + DCD 15
Urine + urea
Urine + urea + DCD 7.5
Urine + urea + DCD 15

Nitrification rate constantsa (day-1)
Incubated at 8oC
0.0159
0.0029
0.0014
Incubated at 20oC
0.0314
0.0109
0.0127
+

a

Nitrification rate constant equation: y = a.exp(-kt) where y represents the amount of NH4 -N remaining in the
soil at a particular sampling time (t), and ‘a’ and ‘k’ are constants

2.7.2 Effect of nitrification inhibitors on nitrate leaching
Recent studies have shown that in grazed pasture systems, direct leaching losses of NO3from applied N fertiliser and/or farm dairy effluent are comparatively small relative to that
leached from animal urine patches (Cameron, et al., 1999; Di and Cameron, 2002a; Ledgard,
et al., 1999; Scholefield, et al., 1993; Silva, et al., 1999). Surplus N from these urine patches,
when oxidised to NO3-, is highly prone to being leached at the onset of drainage through the
soil profile. The leaching potential is particularly high during the autumn-winter-spring
period in New Zealand. At this time, soils are at, or near WHC and can cause excessive soil
water to drain from the rooting zone. As a result, in grazed-pasture systems the endeavour
to reduce NO3- leaching with the adoption of mitigation technologies requires particular
focus on reducing losses from the highly N concentrated urine patch area.

Nitrification Inhibitor Treatment of N Fertilisers
As previously mentioned, various nitrification inhibitors have been used in agricultural
systems as a coating on N fertiliser particles to manipulate the release pattern of the N in the
fertiliser and slow down the conversion of NH4+ to NO3-.

The nitrification inhibitor, nitrapyrin, illustrates this type of practice, having been used
before as a coating on N fertilisers, predominantly in cropping systems. Nitrapyrin contains
the active ingredient 2-chloro-6-(trichloromethyl)-pyridine and is water insoluble. The
effects of nitrapyrin on nitrification, and more specifically added NH4+, has been studied by
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Boswell and Anderson (1974). When nitrapyrin was applied with NH4+, approximately 100%
of the added NH4+ was recovered 156 days after application, compared to 0% of added NH 4+
after 45 days without nitrapyrin.

Nitrapyrin was also shown to reduce NO3- leaching (Owens, 1981). Three sandy loam soil
cores were incorporated with nitrapyrin-treated urea (672kg N ha-1), and three were
incorporated with untreated urea. After 91 days, 1.0 and 9.7% of the applied N had leached
from the nitrapyrin-treated and untreated cores, respectively. This represents a 90%
reduction in the amount of N leached in the nitrapyrin-treated urea plots. After 144 days,
41.9 and 53.0% of applied N had been leached, respectively.

Similarly, Ronaghi, et al. (1993) conducted a study investigating the effect of nitrapyrin on
NO3- leaching on a sandy clay loam soil. Two leaching rates of 0 and 1000 mL per plot were
initiated and leachates were collected at three and six weeks post planting. Nitrogen
fertiliser in (NH4+)2SO4 form was added at five different rates (0, 50, 100, 200, and 400mg kg1

of N) and three rates of nitrapyrin (0, 2.36 and 4.72 L ha-1) were used. Average results

across all five N application rates showed that the proportion of NO 3- leached was reduced
by approximately 60% when nitrapyrin was applied at 4.72 L ha-1.

Nitrification Inhibitor Treatment of Soil
Nitrification inhibitor technology containing the compound DCD (called ‘eco-n’) has
recently been developed by Lincoln University and Ravensdown Fertiliser Co-operative Ltd.
‘Eco-n’ is regarded as a significant step towards the improvement of agricultural
sustainability, as it has been shown to improve the efficiency of the N cycle, reduce
environmental impacts of dairy farming, and consequently increase pasture production. In
contrast to other nitrification inhibitor technologies that are primarily fertiliser treatments,
‘eco-n’ is a treatment of the whole soil, in order to minimise losses of N from animal
deposition (e.g. urine). ‘Eco-n’ enables the progression from simply applying additional N
fertiliser to meet plant demand, to the development of innovative ways of improving the
efficiency of the soil N cycle. This is achieved by effectively conserving the N supply already
present in soil, and consequently reducing N losses from the soil by leaching and gaseous
emission.
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Recent studies show that the application of DCD to soil can significantly reduce average
annual NO3- leaching losses by 58-72% on Canterbury Templeton sandy loam soils (Di and
Cameron, 2004c; 2005) (Figure 2.15). Similarly, annual NO3- leaching losses were reduced by
59-63% on Lismore stony silt loam soils of the Canterbury plains (Di and Cameron, 2002b;
2007; Di, et al., 2009a) (Figure 2.16). A recent study by (Di, et al., 2009a) involving Southland
and West Coast soils show annual reductions in NO3- leaching from urine patches of 44-67
and 56-71%, respectively, when DCD was applied. In these studies, the dominant pasture
used was perennial ryegrass/white clover, a widely used pasture in New Zealand grazedpasture systems.

Figure 2.15

(a)

Figure 2.16

Effect of the nitrification inhibitor, DCD, on total annual NO3--N leached from
lysimeter treatments. Vertical bars indicate SEM (Di and Cameron, 2004c).

(b)

Effect of the nitrification inhibitor, DCD, on total annual NO3--N leached from
lysimeter treatments of Lismore stony silt loam soil. Vertical bars indicate SEM
(a) Di and Cameron (2002b), and (b) Di and Cameron, (2007).
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The application of DCD to perennial ryegrass/white clover pastures has also shown to be
effective at reducing NO3- leaching losses under different rates of urine application,
representing various stock classes. A publication by Di and Cameron (2007) showed that
NO3- leaching loss was significantly reduced (45-83%) in simulated urine patches of dairy
cows, beef cattle and sheep (i.e. N loading of 1000, 700 and 300 kg N ha-1, respectively) with
the application of the nitrification inhibitor DCD (Figure 2.17). Furthermore, Moir, et al.
(2010) also showed that the application of DCD to a Templeton silt loam soil reduced nitrate
leaching losses by up to 70% under a sheep urine patch (N loading of 300 kg N ha -1).

(a)

(b)

(c)

(d)

Figure 2.17

Nitrate concentrations in the drainage water from lysimeters as affected by
urine application rate and DCD application. (a) Control, (b) Urine 300, (c) Urine
700, (d) Urine 1,000 kg N ha-1. Vertical bars indicate SEM (Di and Cameron,
2007).

Despite this work on grazed-pasture systems, it appears that the literature contains no
information relating to the potential effectiveness of using a nitrification inhibitor to reduce
NO3- leaching in conjunction with alternative pasture species other than perennial ryegrass.
It is possible that a greater total reduction in NO3- leaching could be achieved when DCD is
used with other pasture species with desirable physiological compositions and root
architectures. This is an area that requires research.
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2.7.3 Effect of nitrification inhibitors on pasture production
Nitrogen is an essential element for plant growth and development, and is often the
limiting nutrient in grazed pasture systems of New Zealand. Within plants, N is the primary
constituent of the basic amino acids which are the building blocks of proteins. Nitrogen is a
component of the chlorophyll molecule, which is responsible for photosynthesis, and is also
a constituent of various enzymes and coenzymes.

As mentioned earlier, N can be taken up by plants either as NH4+ or NO3- (McLaren and
Cameron, 1996). Plant-absorbed NO3- maybe translocated unaltered within the plant, or
reduced to ammonia within the root. When ammonia is produced, it is rapidly converted
into amino acids, amides or amines, and these may then be translocated throughout the
plant. The final stage of N metabolism is the conversion of these low molecular weight
organic compounds into proteins and nucleic acids. This is a slower process and one which
can be reversed by the action of hydrolysing enzymes. Reversing the process to produce
amino acids (proteolysis) allows the plant to translocate N from older tissue to the growing
points when there is an N deficiency.

In general, as the availability of soil mineral N increases, plant production also increases.
However, when the supply of plant-available N in the soil exceeds plant requirements,
additional N has no further benefit to plant production. Furthermore, when soil N
concentrations exceed those required by plants, the potential for NO3- leaching increases.

As previously discussed, nitrification inhibitors have been used as a treatment of fertiliser
and soil to reduce the conversion of NH4+ to NO3- (effectively reducing NO3- leaching and
denitrification). Aside from these benefits, nitrification inhibitors also increase pasture
production (Boswell and Anderson, 1974; Di and Cameron, 2002b; 2004c; 2005; 2007; Moir,
et al., 2007; 2012b). This is because the inhibitor reduces the production of NO3- in soil,
allowing the NH4+ cations to be held by the negatively charged soil colloids. The NH 4+ can
therefore be retained against leaching and can be readily available for plant uptake when
required.
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Studies relating to the application of the nitrification inhibitor, DCD, consistently show
increased pasture production on an annual basis. Di and Cameron (2002b) showed that
applying DCD to simulated grazed and irrigated pasture (mainly perennial ryegrass-white
clover) can increase annual pasture production in urine patch areas by approximately 33%.
Similarly, Di and Cameron (2004c; 2005) also showed annual pasture production increases of
33% by the application of DCD (Figure 2.18).

Figure 2.18

Effect of the nitrification inhibitor, DCD, on annual herbage yield (Di and
Cameron, 2004c).

A more recent study by Di and Cameron (2007) again indicated similar yield responses to
earlier studies when DCD was applied to perennial ryegrass pasture. Urine applied to
monolith lysimeters consisting of a Lismore stony silt loam soil yielded 4.42 t ha -1 in the
control and 10.82, 13.90 and 19.74 t ha-1, in the urine 300, 700 and 1000 kg N ha-1
treatments, respectively. When DCD was applied to the corresponding control, urine at 300,
700 and 1000 kg N ha-1 treatments, herbage dry matter yield was significantly increased by
22, 23, 35 and 18%, respectively (Figure 2.19). This is equivalent to an average annual
increase in herbage dry matter production of 25%.
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Figure 2.19

Herbage dry matter yields as affected by urine rate and DCD application.
Vertical bars indicate SEM (Di and Cameron, 2007).

Research work by Moir, et al. (2007; 2012b) showed that the application of DCD
significantly increased pasture production both outside and within urine patch areas (Figure
2.20). Mean annual herbage dry matter yields increased by 12-20% in inter/non-urine areas,
and 29-42% in urine areas.

Figure 2.20

Effect of the nitrification inhibitor, DCD, on mean annual pasture yields for
years 2002/2003 to 2005/2006. Vertical bars indicate SEM (Moir, et al., 2007).
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2.7.4 Additional effects of nitrification inhibitors
The application of nitrification inhibitors to soil may also affect pasture quality, however
very little work has been carried out in this area. Of particular interest in the New Zealand
dairy industry is whether or not the application of nitrification inhibitors (i.e. DCD) can
reduce NO3- concentration in pasture plants. This is of considerable importance because high
levels of NO3- in pasture can cause NO3- poisoning in animals. It is logical to hypothesise that
nitrification inhibitors would reduce the concentration of NO3- in plants, given their effect on
NO3- levels in the soil, i.e. reduced soil NO3- should result in less uptake of NO3- by plants,
resulting in reduced NO3- concentrations of plants.

A study by Moir, et al. (2007) investigated the effect of DCD on soil mineral N, pasture
yield, nutrient uptake and pasture quality in a grazed pasture system. The results showed
that pasture NO3- concentrations are affected by the application of DCD (Figure 2.21). At one
sampling time, pasture samples were analysed for NO3- content, and the results indicated
that NO3- concentrations in the urine patch areas were significantly lower where DCD had
been applied.

Figure 2.21

Effect of nitrification inhibitor, DCD, on NO3--N concentrations of pasture.
Vertical bars indicate SEM (Moir, et al., 2007).

Similarly, Moir, et al. (2012b) investigated the effects of applying DCD on pasture herbage
NO3- concentrations. The study clearly demonstrated that plant NO 3- concentrations can be
significantly reduced by the application of DCD (Figure 2.22), indicating that herbage NO3-
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concentration is highly correlated with soil NO3- concentration. Autumn applied urine
patches with and without DCD were harvested in late winter (harvest one), and those that
were treated with DCD showed significant reductions in herbage NO3- concentrations of 70%
(Figure 2.22a). Furthermore, spring urine patches with and without DCD at harvests two and
three also showed that the application of DCD reduced herbage NO 3- concentrations by 87
and 68%, respectively (Figure 2.22b&c). Autumn applied urine patches with DCD at harvest
two and three also showed reductions in herbage NO3- concentration of 54 and 26%,
respectively.
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Figure 2.22

Mean pasture NO3--N concentrations (mg N kg DM-1) of all treatments at (a),
harvest one (22 August 2007), (b) harvest two (10 October 2007), and (c)
harvest three (13 November 2007). T1 = control, T2 = urea, T3 = urea+DCD, T4
= May urine+DCD, T5 = August urine+DCD, T6 = May urine and T7 = August
urine. Vertical bars indicate error of the mean (SEM) (Moir, et al., 2012b).
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Pasture dry matter, crude protein, carbohydrate, metabolisable energy (ME), and fibre
content are all components used to measure pasture quality. Moir, et al. (2007) showed the
effects of DCD on these components of pasture quality, and the results indicated that none
of them were significantly influenced by the application of DCD.

Although some work has been carried out on the effects of nitrification inhibitors on
pasture quality (i.e. plant NO3- concentration), a majority of this work has involved typical
New Zealand dairy pastures which largely consist of perennial ryegrass and white clover
species. More research is necessary on alternative species of forage pastures such as annual
ryegrasses, which are more problematic in association with stock health, and more
specifically NO3- poisoning to the grazing animal.

Effect of plant nitrate concentrations on grazing animals
High NO3- concentrations in pasture can have negative implications for the health of
grazing livestock, especially in association with diets containing juvenile pastures, annual
ryegrass pastures, and green feed crops such rape, turnips, oats and immature maize
(Vermunt and Visser, 1987). High NO3- intake (quantity and rate of consumption) by the
grazing animal may result in NO3- poisoning. Factors influencing the effects of NO3- poisoning
on animals include NO3- content of the consumed feed, time of grazing, rate of ingestion,
amount of carbohydrate and fibre in the feed, and stage of adaption to NO 3- in the diet
(Burgemeister, 2003). In general, pasture NO3- concentrations of 1.5-2.0 g kg-1 DM are
considered a risk to animal health, and very toxic above this level (Beasley, 1997;
Burgemeister, 2003).

Nitrate concentrations in the animal at a toxic level are absorbed into the bloodstream
where it converts the haemoglobin of the blood to methaemoglobin, therefore producing a
state of hypoxia (i.e. deficiency of oxygen in the tissues of the muscles). In humans, this type
of poisoning is known as methaemoglobinaemia.
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2.8 Conclusions
The main conclusions drawn from this review of literature:



A significant knowledge gap has been identified from this review of the literature. It is
evident that there is no published data on the effects of various pasture species
compositions (with different architectural root systems) on NO 3- leaching losses from
grazed pasture-soils. Some preliminary work involving packed columns of sand in
glasshouse environments has indicated that NO3- leaching might be affected by
pasture species composition, with results suggesting that the capture of soil N and
reduction of NO3- leaching may be greatest among those species that have finely
divided root structures and large surface area to root weight ratios. This area requires
further research under field conditions.



The nitrification inhibitor, DCD (commercially known as ‘eco-n’) has the potential to
reduce NO3- leaching by up to 76% and increase pasture production by 29-42% in urine
patch areas. However, the use of nitrification inhibitors in combination with various
pasture species with suitable architectural compositions has not been reported. This is
an important area for future research to help reduce the environmental impact of
grazed pasture systems.
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Chapter 3

Lysimeter Trial

‘Nitrate leaching losses as affected by pasture species composition’
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3.1 Introduction
Nitrate (NO3-) leaching loss from intensive agriculture, and more specifically grazed
pasture systems is a major environmental concern. This subject has been reviewed in detail
by Goulding (2000), Jarvis (2000), Di and Cameron (2002a), Eriksen, et al. (2010) and
Ledgard, et al. (2011). High NO3--N concentrations (>11.3mg NO3--N L-1) in drinking water are
deemed unsafe for consumption by humans, and additionally, elevated NO 3--N
concentrations in surface waters may cause excessive aquatic plant growth as a result of
eutrophication (Rabalais, 2002).

Therefore, it is necessary to develop mitigation technologies to improve the nitrogen (N)
use efficiency, minimise environmental damage, and ultimately improve the sustainability of
intensive agriculture. Many studies have investigated potential technologies to reduce
environmental impacts. For example, the use of the nitrification inhibitor, dicyandiamide
(DCD) to treat grazed pasture soils has been shown to be highly effective in reducing NO 3--N
leaching losses from grazed pastures (Cameron, et al., 2007; Di and Cameron, 2002a; 2002b;
2004a; 2004c; 2005; 2007; 2008; 2012; Di, et al., 2009a; Menneer, et al., 2008a; 2008b;
Monaghan, et al., 2009; Sprosen, et al., 2009). However, an area that has not received much
attention is how NO3- leaching losses may also be affected by pasture species. It is thought
that the amount of NO3- leaching losses may vary with pasture species composition,
depending on root depth, root distribution and seasonal growth patterns (Moir, et al.,
2012a; Popay and Crush, 2010). Ledgard (2001) stated that the use of appropriate deeprooted perennial species may reduce N losses and increase N cycling efficiency.

The objective of this study was to quantify the effect of pasture species composition on
NO3- leaching losses from soil, and examine the effect of selected pasture species with and
without the nitrification inhibitor, DCD, to reduce NO3- leaching losses.
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3.2 Methodology
3.2.1 Trial description and preparation
The lysimeter trial was located on the Lincoln University Research Dairy Farm, 15 km SW
of Christchurch, New Zealand (Appendix A: Figure A.1). The soil type was a free-draining
Templeton fine sandy loam (USDA: Udic Ustochrept, coarse loamy, mixed, mesic; or New
Zealand classification: Immature Pallic soil (Appendix A; Appendix B, Plate B.1)) (Fraser,
1992; Hewitt, 2010; Silva, et al., 1999). This soil in conjunction with the Wakanui soil
supports extensive areas of intensive mixed farming on the Canterbury Plains and accounts
for approximately 75,000 ha of the intermediate terraces of Canterbury lowlands (Cox,
1978).

Lysimeter collection and installation
Nitrate leaching measurements were made on undisturbed soil monolith lysimeters
(Lilburne, et al., 2012). Lysimeters (500 mm diameter by 700 mm depth) were collected from
pasture sites at the Lincoln University Research Dairy Farm, Canterbury (latitude 43°38’
south, longitude 172°28’ east) and installed into a lysimeter trench facility near-by, following
well-established protocols and procedures (Cameron, et al., 1992). This involved placing a
metal cylinder casing (500 mm diameter by 700 mm depth) on the soil surface, carefully
digging around the casing to minimise disturbance to soil structure inside, and gradually
pushing the casing down by small increments. Once the casing had reached the desired
depth (700 mm), the soil monolith was then sheared off at the base with a cutting plate
(Plate 3.1a). The cutting plate was inserted into position at the base of the lysimeter using a
hydraulic ram and specially designed supporting frame (Plate 3.1b). The cutting plate was
then secured to the lysimeter and petroleum jelly was used to seal the gap between the soil
core and casing to prevent preferential edge-flow. The lysimeters were carefully lifted out
with a tractor and transported to the trench field facility on a specially designed trailer with
air-bag suspension to minimise disturbance (Plate 3.1c). The bottom 50 mm depth of soil
was replaced with gravel to create a condition similar to that in the field and to prevent
blockages within the drainage tube (Plate 3.1d). Lysimeters were placed on either side of the
trench with the soil surface of the lysimeter adjacent to the surface of the surrounding field
(Plate 3.2). The space outside the lysimeters was backfilled with soil to the same level as the
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surface of the lysimeters and the surrounding field. The lysimeters were thus exposed to the
same climatic conditions as the soil and pasture nearby.

Plastic tubing was connected to the base of each lysimeter which fed into a 10 litre
collection vessel. The drainage water from the lysimeters was collected in these vessels.

Plate 3.1

Lysimeter collection and preparation, where (a) is the insertion of the cutting
plate to the base of the lysimeter, (b) the hydraulic ram used to insert the
cutting plate, (c) the transportation of the lysimeters, and (d) the attachment
of the base plate.
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Plate 3.2

The trench lysimeter facility at the Lincoln University Research Dairy Farm
following the completion of lysimeter installations.

3.2.2 Lysimeter treatments
Leaching and herbage yield measurements were carried out over two years – 2010/2011
(year one) and 2011/2012 (year two). The trial consisted of eight treatments, replicated four
times. All treatments were allocated to the lysimeters using a completely randomised design
(Appendix E: Figure E.1 Figure E.2).

Pasture Treatments
Existing pasture inside the lysimeters was sprayed-off with a Round-up/Turfix spray
mixture (active ingredients: glyphosate, mecoprop, 2-methyl-4-chlorophenoxyacetic acid
and dimethylamine salts) in January 2010. Lysimeters were then lightly cultivated and hand
sown with the randomly allocated pasture treatments of selected species (Table 3.1). Four
pasture species were used, and are given in Table 3.2 along with their respective seed
sowing rates.
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Table 3.1

The species names of pasture plants used and their general root architecture
and cool season growth patterns.

Common name/
cultivar
Lolium perenne
Perennial ryegrass
cv. Ceres One50
Festuca arundinacea
Tall fescue
cv. Advance MaxP®
Lolium multiflorum
Italian ryegrass
cv. Tabu
Trifolium repens
White clover
cv. Kopu II large leaf
Trifolium pratense
Red clover
cv. Colenso
Chicorium intybus
Chicory
cv. Choice
Plantago lanceolata
Plantain
cv. Tonic
a
adopted from Kemp, et al. (2004)
Species name

Table 3.2

General root
architecturea
Shallow

Relative cool season
growth
Medium

Mod. deep

Low

Fine, shallow

High

Fine, shallow

Low

Fine, shallow

Low

Coarse, mod.
deep
Coarse, mod.
deep

Low/medium
Low/medium

The pasture species treatment combinations and sowing rates.

Pasture treatment

Herbage species

P. ryegrass WC

Perennial ryegrass
White clover
Tall fescue
White clover

T. fescue WC

Seed sowing rate
(kg ha-1)
18
3
25
3

It. ryegrass WC

Italian ryegrass
White clover

25
3

Diverse

Perennial ryegrass
Italian ryegrass
White clover
Red clover
Chicory
Plantain

10
10
3
4
1
1
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At sowing, all lysimeters received a basal fertiliser application consisting of 50 kg P ha-1 in
the form of 20% potash sulphur super fertiliser (0-10-6-16). This was followed with 10 mm of
irrigation daily for approximately two weeks to initiate seed germination and establishment.

Pasture treatments remained the same in the second year trial. However, lysimeters were
collected from large well-established field plots consisting of identical pasture species
treatments and therefore did not require cultivation and pasture renewal. This allowed for
climate and nitrate leaching comparisons between newly-established and well-established
pastures. Prior to 2011 treatment applications, all lysimeters received a basal fertiliser
application of Lucerne Mix (0-6-15-13) at a rate of 500 kg per hectare. Refer to Appendix B
for initial soil fertility information.

Urine and DCD treatments
Fresh cow urine was collected from dairy cows during the afternoon milking on the
Lincoln University Dairy Farm on 11 May 2010 and 3 May 2011 (Plate 3.3). The N
concentration was standardised to 10 g N L-1 using urea and glycine in a 9:1 ratio to match
that of literature (Di and Cameron, 2005). Two litres of cow urine was applied evenly to all
the lysimeters on 13 May 2010 and 4 May 2011 (Plate 3.3) to simulate urine patches
deposited by grazing dairy cows (Di and Cameron, 2002a; 2002b; 2004c; 2005; 2007). DCD
treatment applications were carried out within 24 hours of urine application. This was evenly
applied as a completely dissolved solution to the relevant lysimeters using a small batterypowered spray unit (Plate 3.4). A wind shield was placed over the lysimeter during DCD
application to prevent spray drift.

Cow urine and DCD treatment combinations were applied to all the lysimeters as:

1. Urine only (1000 kg N ha-1)
2. Urine (1000 kg N ha-1) + DCD (10 kg DCD ha-1)
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Plate 3.3

The collection and application of cow urine.

Plate 3.4

The application of the nitrification inhibitor, DCD, to the lysimeters.
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All lysimeters received split applications of urea fertiliser at a rate of 200 kg N ha -1 year-1
following urine and DCD treatments for the duration of the trial. The urea fertiliser
applications were carried out during the spring/summer/autumn period following simulated
grazing events (cuts made at a typical grazing intervals), at rates between 25 and 50 kg N ha1

per single application, depending on time of year. Urea applications were quickly followed

with 10 mm of irrigation water to dissolve the urea granules into the soil and minimise losses
through ammonia volatilisation.

3.2.3 Rainfall and irrigation simulation
Water applications were made to the lysimeters as either simulated rain or irrigation
through an automated sprinkler system (Plate 3.5 and Plate 3.6). These were applied by Tee
Jet FL-5VC spray nozzles mounted directly over the top of each of the lysimeters (Plate 3.6).

Rainfall was supplemented through simulated rainfall events randomly generated to meet
daily target levels. During drier periods of the year (approx. October - March), the lysimeters
were irrigated at regulated rates and time intervals to replace moisture lost through
evapotranspiration and prevent soil moisture deficiency. The system was primarily
controlled by historical and daily climate data, driven by a CR 1000 Campbell Scientific data
logger (Plate 3.7). A detailed description of the system and its operation is given in Appendix
D.
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Plate 3.5

The irrigation/rainfall simulation control system.

Plate 3.6

Irrigation sprinkler centred over top of a trench lysimeter.
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Plate 3.7

Climate station used for the rain/irrigation simulation system at the Lincoln
University Research Dairy Farm lysimeter facility.

Additional daily climate data was also obtained from the climate weather station shown
in Plate 3.7 for both trials. Solar radiation was measured with a CMP3-L Pyranometer by
Campbell Scientific. Ground (at 10 cm depth) and air temperature was determined by 107
Campbell Scientific probes, which incorporates a Fenwal Electronics UUT51J1 Thermistor.

3.2.4 Lysimeter measurements
Drainage Water Measurements
Drainage water was collected from the lysimeters on a weekly basis or when 10 mm of
drainage had occurred, following the autumn urine and DCD treatments. This involved
measuring the volume of drainage water, and taking a 100 ml sample for chemical analysis.
Collections were carried out for eight months for the first year trial, and 12 months for the
second year. The first year trial was run for a shortened period of time because the lysimeter
casings were required for year two, and therefore, time was needed to clean out the existing
soil columns and collect, and install new soil columns in time for the autumn 2011 treatment
applications.
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Drainage water samples were analysed by flow injection analysis (FIA) for NO 3--N by
Analytical Services at Lincoln University, Canterbury (Gal, et al., 2004). From the analyses,
nitrate leaching from each lysimeter treatment was determined. Samples were also analysed
for DCD concentration as described in Schwarzer and Haselwandter (1996). A detailed
explanation of the procedure for nitrate and DCD analysis is outlined in Appendix C.1.

Pasture measurements
The lysimeter pastures were harvested on a monthly basis during the peak growing
season, or when necessary (simulating a typical on-farm grazing rotation). Cuts were made
using electric hands shears, and herbage on all lysimeters was harvested to a standard
height of approximately 5 cm (1500 kg DM ha-1 residual).

Herbage wet and dry weights were obtained for each lysimeter and these measurements
were used to calculate dry matter production. Sub-samples from each bulk sample were also
taken. These were then oven dried at 60oC for 48 hours, finely ground and analysed for total
N by the Elementar Vario Max analyser (Appendix C.2.1).

A sub-sample of fresh pasture was also taken from the main sample sward and botanical
composition was determined for each lysimeter following procedures outlined in Tothill, et
al. (1992). This involved separating out the different herbage species and obtaining a dry
weight for each. This enabled the calculation of each pasture species as a percentage of the
bulk sample sward. This was carried out for the first five harvests of the first year trial, and
the first three and final harvests of the second year trial. These harvests were selected for
botanical composition analysis because they were within, or just outside of the leaching
period, and would identify any notable changes in composition that may influence NO 3--N
leaching.

3.2.5 Statistical analysis
Statistics quoted in text are obtained using an analysis of variance (ANOVA) for a
completely randomised design, by the computer programme GenStat (14th Edition, Lawes
Agricultural Trust).
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3.3 Results
3.3.1 Climate data
Year one (2010/11)
Daily solar radiation for the duration of the trial period is illustrated in Figure 3.1. Solar
radiation was lowest on 25 May 2010 at 1.1 MJ m-2 per day and peaked at 36.8 MJ m-2 per
day on 29 December 2010. During the winter months (June, July and August), average daily
solar radiation was 6.2 MJ m-2. Total accumulated solar radiation for the duration of the trial
was 4038 MJ m-2.

Daily air and ground temperature is presented in Figure 3.2. Maximum air and ground
temperature was recorded on 21 December 2010 and 3 January 2011 at 24.4 and 24.0,
respectively. Minimum air and ground temperature was measured on 11 July 2010 and 12
July 2010 at 1.2oC and 2.4oC, respectively. For the winter period alone, average daily air and
ground temperature was 6.9 and 6.8oC, respectively.

Rainfall/irrigation and potential evapotranspiration (PET) data is illustrated in Figure 3.3.
Total natural rainfall was 645 mm for the period 13 May 2010 to 31 January 2011, with a
further 429 mm added as either irrigation or simulated rain. The largest rainfall event was on
the 26 May 2010 when 50 mm were recorded. From treatment application in 2010 to the
end of winter (31 August 2010), 448 mm of natural rain fell, 69% of the total natural rain,
and simulated rainfall events applied an additional 19 mm of water. Calculated PET
accumulation reached 740 mm by 31 January 2011.
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input and potential evapotranspiration (Penman) following 2010 treatment
applications.

Year two (2011/12)
Daily solar radiation for the second year trial period is illustrated in Figure 3.4. Solar
radiation was lowest on 10 June 2011 at 0.8 MJ m-2 per day, and peaked at 36.3 MJ m-2 per
day on 1 December 2011. During the winter months, average daily solar radiation was 6.9 MJ
m-2. Total accumulated solar radiation for the duration of the trial was 5479 MJ m-2.

Daily air and ground temperature following 2011 treatment application is presented in
Figure 3.5. Maximum air and ground temperature was recorded on 31 January 2012 and 12
January 2012 at 20.9 and 20.0oC, respectively. Minimum air and ground temperature was
recorded on 15 August 2011 and 17 August 2011 at 1.0 and 3.3 oC, respectively. For the
winter period alone, average daily air and ground temperature was 7.0oC for both.

Rainfall/irrigation and potential evapotranspiration (PET) data is illustrated in Figure 3.6.
Total natural rainfall for the trial period was 636 mm, with a further 643 mm added as either
simulated rain or irrigation. The largest rainfall event was on the 19 October 2011 where 60
mm of rainfall was recorded. Total natural rainfall from treatment applications in 2011 until
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the end of the winter period (31 August 2011) was 199 mm, 31% of the total natural rain,
with an additional 169 mm of water applied as simulated rain. The calculated PET
accumulation for the trial period was 903 mm.
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3.3.2 Leaching losses
Year one (2010/11)
The concentration of NO3--N versus drainage for each pasture species from the first year
lysimeter trial is shown in Figures 3.8, 3.9, 3.10 and 3.11. Peak NO3--N concentration for all
pasture types was recorded at approximately 370-430 mm of drainage water (early-mid
August 2010). Concentrations had returned to near background levels by 450-500 mm of
drainage for urine only treatments except T. fescue WC. By the end of the trial period, the
remaining treatments returned to concentrations between 44 and 68 mg NO 3--N L-1, at 430540 mm of drainage water. When averaging DCD and non-DCD treatments, pasture species
significantly (P < 0.001) affected total drainage water, where the total mean drainage from
P. ryegrass WC, T. fescue WC, It. ryegrass WC and Diverse pastures was 538, 568, 470 and
511 mm, respectively (Figure 3.7). By mid-late June 2010, approximately 300 mm of drainage
water had been collected.

Of the urine only treatments, peak NO3--N concentration was highest from the T. fescue
WC pasture at 304 mg NO3--N L-1 (Figure 3.9), whilst the It. ryegrass WC pasture reached the
lowest peak of 228 mg NO3--N L-1 (P < 0.05) (Figure 3.10).

Peak NO3--N concentrations were significantly (P < 0.001) reduced with DCD application
(Figures 3.8, 3.9, 3.10 and 3.11). For all pasture species, DCD reduced peak NO3--N
concentrations by 40-52% (P < 0.05). DCD application was shown to have the greatest effect
at reducing peak NO3--N concentration when applied to the It. ryegrass WC pasture
treatment, where peak NO3--N concentration was reduced from 228 to 111 mg NO3--N L-1 (P
< 0.05). DCD application was least effective at reducing peak NO3--N concentration in the T.
fescue WC pasture treatment.
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The total NO3--N leaching loss from each treatment is presented in Figure 3.12. Overall,
the urine only treatments leached the greatest amount of NO 3--N compared to the
urine+DCD treatments. The P. ryegrass WC pasture leached a total of 305 kg NO3--N ha-1.
There was no significant difference between the P. ryegrass WC urine only pasture and the
Diverse urine only pasture. T. fescue WC leached a significantly (P < 0.05) greater amount of
NO3--N at 496 kg NO3--N ha-1, than all other treatments (39% greater loss than P. ryegrass
WC). From urine only treatments, It. ryegrass WC pasture leached the least amount of total
NO3--N at 230 kg NO3--N ha-1, 54% less than T. fescue WC (P < 0.05) and 25% less than P.
ryegrass WC. For the Diverse urine only pasture, total NO3--N leached was 344 kg NO3--N ha1

.

The application of DCD significantly (P < 0.001) reduced total NO3--N leaching from soil
beneath all four pasture species (Figure 3.12). The effectiveness of DCD at reducing the
amount of total NO3--N leached ranged from 27-40% with the greatest reduction observed in
the Diverse pasture. The treatment that leached the least NO3--N was the It. ryegrass WC
urine+DCD treatment at 165 kg NO3--N ha-1.

The total amount of DCD leached from the urine+DCD treatments is illustrated in Figure
3.13. The DCD leaching loss ranged from 4.1 kg DCD ha-1 (It. ryegrass WC) to 4.8 kg DCD ha-1
(T. fescue WC). However, differences in the amount of DCD leached were not statistically
significant.
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Year two (2011/12)
The concentration of NO3--N versus drainage for each pasture mix from the second year
lysimeter trial is shown in Figures 3.14, 3.15, 3.16 and 3.17. Peak NO3--N concentration for all
pasture types was recorded between 300-410 mm of drainage (early August 2011).
Concentrations had returned to near background levels between 420 and 450 mm of
drainage water. The mean total drainage from the P. ryegrass WC, T. fescue WC, It. ryegrass
WC and Diverse urine only pastures was 498, 507, 451 and 485 mm, respectively. These
differences were not statistically significant.

From the urine only treatments, peak NO3--N concentration was highest beneath the
Diverse pasture at 200 mg NO3--N L-1 (17% higher than P. ryegrass WC), and the It. ryegrass
WC pasture reached the lowest peak of 166 mg NO3--N L-1 (3% lower than P. ryegrass WC).
However, differences were not statistically significant.

Peak NO3--N concentrations were significantly (P < 0.05) affected by DCD treatment
(Figures 3.14, 3.15, 3.16 and 3.17). For all pasture types, DCD reduced peak NO3--N
concentrations by 7-36%. DCD application was shown to have the greatest effect at reducing
peak NO3--N concentration from urine applied to the Diverse pasture treatment, where the
peak NO3--N was reduced from 200 to 127 mg NO3--N L-1 (P < 0.05). DCD application was
least effective at reducing peak NO3--N concentration when applied to T. fescue WC.
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The total NO3--N leaching loss from each treatment is presented in Figure 3.18. The urine
only treatments leached the greatest amount of NO3--N compared to the urine+DCD
treatments. Of the urine only treatments, T. fescue WC leached the greatest amount of NO 3-N at 448 kg NO3--N ha-1, whilst the It. ryegrass WC pasture leached the least amount at 316
kg NO3--N ha-1. The P. ryegrass WC pasture leached a total of 416 kg NO3--N ha-1. There was
no significant difference between the P. ryegrass WC, T. fescue WC and Diverse urine only
treatments. Nitrate-N leaching loss from It. ryegrass WC pasture was significantly (P < 0.05)
different than all other treatments, with losses 24, 29 and 28% less than the P. ryegrass WC,
T. fescue WC and Diverse urine only pasture treatments, respectively.

The main effect of DCD application was a significant (P < 0.001) reduction in total NO3--N
leaching (Figure 3.18). The effectiveness of DCD at reducing total NO3--N leached ranged
from 25-41% with the greatest reduction seen in the Diverse pasture. Nitrate-N leaching
losses were significantly (P < 0.05) reduced with DCD application in the P. ryegrass WC, T.
fescue WC and Diverse pasture species. Of all the treatments, the It. ryegrass WC urine+DCD
treatment leached the least NO3--N at 238 kg NO3--N ha-1, 19% less than the P. ryegrass WC
urine+DCD treatment.

The total amount of DCD leached from the urine+DCD treatments is illustrated in Figure
3.19. Total leached DCD ranged from 2.4 kg DCD ha-1 (It. ryegrass WC) to 3.3 kg DCD ha-1 (P.
ryegrass WC); however differences between treatments were not statistically significant.
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3.3.3 Herbage measurements
Year one (2010/11)
The total dry matter production from all four pasture urine only treatments is presented
in Figure 3.20. Total dry matter production ranged from 10694 kg DM ha -1 (T. fescue WC) to
16856 kg DM ha-1 (It. ryegrass WC). Dry matter production from the T. fescue WC and It.
ryegrass WC pasture treatments was 25% less and 18% greater than P. ryegrass WC,
respectively (P < 0.05). The It. ryegrass WC pasture produced 16856 kg DM ha-1, 58% more
than that of the T. fescue WC pasture treatment (P < 0.001). There was no significance
difference in dry matter production between the Diverse and P. ryegrass WC pasture
treatments.

The effect of DCD application on dry matter yield for all pasture species is presented in
Table 3.3. DCD application increased dry matter yield for all pasture treatments except the
It. ryegrass WC pasture, however these were not statistically significant.

Total herbage N uptake in the four pasture treatments with, and without DCD, is shown in
Figure 3.21. The main effect of pasture species on total N uptake was highly significant (P <
0.001). Total herbage N uptake ranged from 358 kg N ha-1 (T. fescue WC, urine only) to 624
kg N ha-1 (It. ryegrass WC, urine+DCD). Total herbage N uptake from the P. ryegrass WC urine
only treatment was 115 kg N ha-1 greater than the T. fescue WC urine only treatment, and
141 kg N ha-1 less than the It. ryegrass WC urine only treatment (P < 0.05). Total N uptake
from the Diverse urine only treatment was not statistically different from the P. ryegrass WC
pasture.

Overall, DCD application significantly (P < 0.01) increased N uptake. Average N uptake for
all pasture species from the urine only lysimeters was 495 kg N ha-1 (Figure 3.21). This was
increased by 66 kg N ha-1 in the urine+DCD treatments. DCD application to T. fescue WC
pasture significantly (P < 0.05) increased N uptake by 28% to 458 kg N ha-1. Increases in N
uptake with DCD application for the other pasture species could also be seen, however,
these were not statistically significant.
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Figure 3.20

Total DM production (kg DM ha-1) from urine only treatments following 2010
treatment application. Vertical bars indicate the standard error of the mean
(SEM). LSD (P < 0.05) based on an analysis of variance including both urine
and urine+DCD treatments (eight treatments).

Table 3.3

Total DM production (kg DM ha-1) following 2010 treatment application and
the observed effectiveness of DCD on dry matter yield.

Treatments
P. ryegrass WC, urine only
P. ryegrass WC, urine+DCD
T. fescue WC, urine only
T. fescue WC, urine+DCD
It. ryegrass WC, urine only
It. ryegrass WC, urine+DCD
Diverse, urine only
Diverse, urine+DCD
LSD(5%)
Main effect of DCD
-DCD
+DCD
LSD (5%)
Significance

Yield (kg DM ha-1)
14 320
15 178
10 694
11 077
16 856
16 114
15 129
15 625
2 378
14 250
14 498
1 189
n.s.

DCD Effect (%)
+ 6.0
+ 3.6
- 4.4
+ 3.3

+ 1.7
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Total N uptake (kg N ha-1) following 2010 treatment application. Vertical bars
indicate the standard error of the mean (SEM). LSD (P < 0.05) calculated for
eight treatment means.

Botanical compositions of the initial five herbage cuts following the autumn 2010
treatment applications for the four urine only pasture species treatments are illustrated in
Figures 3.22, 3.23, 3.24 and 3.25. The P. ryegrass WC pasture remained relatively stable in
composition with an average fluctuation in herbage species of approximately 4% (Figure
3.22). The T. fescue WC pasture varied in composition the greatest with the percentage of
tall fescue grass decreasing by approximately 29% (Figure 3.23), and the weed percentage
rising. It. ryegrass WC showed the least amount of variation, where proportion of Italian
ryegrass remained high and varied by approximately 2% (Figure 3.24). The perennial ryegrass
percentage in the Diverse pasture declined during the sampled period, and a steady increase
in chicory was observed (Figure 3.25).
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Botanical compositions of the P. ryegrass WC pasture species treatments
(urine only) for the first five harvests following autumn 2010 urine
applications. Vertical bars indicate the standard error of the mean (SEM).
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Botanical compositions of the T. fescue WC pasture species treatments (urine
only) for the first five harvests following autumn 2010 urine applications.
Vertical bars indicate the standard error of the mean (SEM).
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Botanical compositions of the It. ryegrass WC pasture species treatments
(urine only) for the first five harvests following autumn 2010 urine
applications. Vertical bars indicate the standard error of the mean (SEM).
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Botanical compositions of the Diverse pasture species treatments (urine only)
for the first five harvests following autumn 2010 urine applications. Vertical
bars indicate the standard error of the mean (SEM).
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Year two (2011/12)
Total dry matter production from the different pasture species treatments (with and
without DCD) is presented in Figure 3.26. Dry matter yields were significantly (P < 0.05)
affected by pasture species composition. For the urine only treatments, total dry matter
production ranged from 20921 kg DM ha-1 (T. fescue WC) to 25135 kg DM ha-1 (P. ryegrass
WC). The It. ryegrass WC and Diverse pasture treatments yielded 11.0 and 0.04% less dry
matter than P. ryegrass WC, respectively.

Overall, there was a significant (P < 0.05) increase in dry matter production with the
application of DCD (Figure 3.26). Average total dry matter production from urine only and
urine+DCD treatments was 23375 and 25807 kg DM ha-1, respectively. This represents a 10%
higher dry matter production through DCD application. DCD application to T. fescue WC, It.
ryegrass WC and Diverse pastures resulted in yield increases of 16, 23 and 9%, respectively
(P < 0.05). The level of response to DCD application between species was significantly
different between the P. ryegrass WC and It. ryegrass WC pastures (P < 0.05). DCD response
for all other pasture species was not statistically different from P. ryegrass WC.

Total herbage N uptake from the four pasture species treatments (with and without DCD)
is presented in Figure 3.27. For urine only treatments, total N uptake ranged from 578 kg N
ha-1 (T. fescue WC) to 675 kg N ha-1 (P. ryegrass WC). The N uptake by the T. fescue WC urine
only treatment was 12 and 14% less than that of the Diverse and P. ryegrass WC urine only
treatments, respectively. However, this was not statistically significant.

Overall, the application of DCD significantly (P < 0.05) increased herbage N uptake (Figure
3.27). Average total N uptake from the urine only treatments was 628 kg N ha -1. This was
increased by 13% to 707 kg N ha-1 with the application of DCD. For T. fescue WC, DCD
application increased total N uptake by 21% (P < 0.05). For the It. ryegrass WC and Diverse
pastures, N uptake was increased by 16 and 14%, respectively. However, this was not
statistically significant.
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Total DM production (kg DM ha-1) following 2011 treatment application.
Vertical bars indicate the standard error of the mean (SEM). LSD (P < 0.05)
calculated for eight treatment means.
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Total N uptake (kg N ha-1) following 2011 treatment application. Vertical bars
indicate the standard error of the mean (SEM). LSD (P < 0.05) calculated for
eight treatment means.
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Botanical compositions of the first, second, third and eighth harvests following 2011
treatment applications for the four urine only pasture species treatments are presented in
Figures 3.28, 3.29, 3.30 and 3.31. The P. ryegrass WC pasture saw a steady decline in the
proportion of perennial ryegrass at each sampled harvest, resulting in an increase in white
clover (Figure 3.28). The pasture species to show the least variation in botanical composition
was T. fescue WC where tall fescue proportion varied by an average of 10% (Figure 3.29).
The It. ryegrass WC pasture showed little variation at the initial three harvests, but Italian
ryegrass proportion declined on average by 28% at the final sampling (Figure 3.30). At the
same time, white clover percentage increased by approximately 21%. The greatest level of
variation was seen in the Diverse pasture, where the proportion of Italian ryegrass increased
on average by 28% between the first and third harvest, and then declined by 47% at harvest
eight (Figure 3.31). Further, the remaining grass species on average declined by
approximately 4% between the first and third harvest, and then increased by about 7% at
harvest eight.
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Botanical composition of the P. ryegrass WC pasture species treatments (urine
only) for the first three and final harvests following autumn 2011 urine and
DCD applications. Vertical bars indicate the standard error of the mean (SEM).
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Botanical compositions of the T. fescue WC pasture species treatments (urine
only) for the three and final harvests following autumn 2011 urine and DCD
applications. Vertical bars indicate the standard error of the mean (SEM).
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Botanical compositions of the It. ryegrass WC pasture species treatments
(urine only) for the first three and final harvests following autumn 2011 urine
and DCD applications. Vertical bars indicate the standard error of the mean
(SEM).
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Botanical compositions of the Diverse pasture species treatments (urine only)
for the first three and final harvests following autumn 2011 urine and DCD
applications. Vertical bars indicate the standard error of the mean (SEM).
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3.4 Discussion
Note: Dissimilar to the order of the herbage and nitrate leaching results presented in section
3.3, the herbage results in this section are discussed prior to the leaching results because of
their effect on NO3--N leaching losses.

3.4.1 Herbage
Newly-established pasture (year one trial)
Pasture species had a significant effect on total dry matter yield. The It. ryegrass WC
pasture had the highest yield of all the pasture species. This result is not unexpected given
its ability to actively grow during cooler months. Italian ryegrass plants are often grown in
winter grazing systems in New Zealand because of their ability to produce higher yields
during this period (Kemp, et al., 2004). The T. fescue WC pasture produced the lowest dry
matter yield, and was particularly slow at growing during the winter months.

Figure 3.32 illustrates the winter/early spring growth characteristics of each of the
pasture species, where dry matter yields for the first three harvests only are shown. Yield
differences among the species during this period of the year are greater than those observed
by the end of the trial period. The T. fescue WC yielded 35% less dry matter than P. ryegrass
WC during the cooler months and 25% less by the end of the trial. The It. ryegrass WC
pasture produced 32% more dry matter than P. ryegrass WC during the cooler months and
18% more by the end of the trial. During these cooler months, It. ryegrass WC produced
more than double the dry matter than that of T. fescue WC, indicating that tall fescue plants
are relatively slow to establish and inactive during cooler months (Clark, et al., 2010;
Minnee, et al., 2010; Raeside, et al., 2012).

The slow growth of T. fescue WC enabled the weed percentage (weed invasion) to
increase during the winter/early spring period, while at the same time the proportion of tall
fescue grass declined (Figure 3.23). As soil temperature rose above 10oC (Figure 3.2), the
percentage of tall fescue grass also began to rise, while weed percentage steadily declined to
original levels. The Italian ryegrass percentage in the It. ryegrass WC pasture remained
particularly high at 96-99% during the winter/spring period. Consequently, there may have
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been a shading effect on other herbage species in the pasture due to the vigorous growth of
Italian ryegrass which caused other species to be out-competed for light.

Total herbage N uptake varied with pasture species. Trends were similar to those of the
dry matter yields, with the most N taken up by It. ryegrass WC, and least by T. fescue WC
(Figure 3.21).
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Winter/early spring DM production (kg DM ha-1) following 2010 treatment
applications. Vertical bars indicate the standard error of the mean (SEM).

Well-established pasture (year two trial)
Unlike results from the previous year, P. ryegrass WC produced the highest amount of dry
matter, yielding 20 (P < 0.05) and 13% higher than the T. fescue WC and It. ryegrass WC
pastures, respectively.

Dry matter production measured from well-established lysimeters was higher for most
pasture species than that of the newly-established (based on yields obtained for a similar
period) (Figure 3.33). Well-established P. ryegrass WC, T. fescue WC and Diverse pastures
yielded 29, 65 and 37% higher by mid-January than newly-established pasture of the
previous year, respectively. The higher yields observed in the well-established trial could be
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because of root development, particularly for the T. fescue WC pasture. The early
establishment of Italian ryegrass may have enabled the It. ryegrass WC pasture to reach full
establishment quicker, with a substantially smaller difference in dry matter yield between
the newly- and well-established trials.

From treatment application in 2011 to the end of the winter period (31 st August), the
lysimeters received 99 mm less water through rainfall and simulated rain than the previous
year. Therefore, the drier and warmer winter of year two trial could have contributed to a
greater and more even yield distribution between pasture species, possibly through greater
rates of mineralisation, with more N becoming available from the organic pool. Overall, a
greater quantity of N was leached in the second year trial (as discussed below), despite
greater dry matter yields, suggesting either mineralisation rates increased, or immobilisation
rates slowed.

The clover proportion of all the pasture species combinations was overall greater in the
second year trial, and increased from approximately 3-15% (Figures 3.28, 3.29, 3.30 and
3.31). This may have supplied additional mineral N to the soil through atmospheric fixation,
and therefore, been a contributing factor to the higher yields. The higher yield observed in
the Diverse pasture (Figure 3.26) in particular is most likely because of this, where red and
white clover percentage increased by approximately 15 and 9%, respectively, from the
previous year’s newly-established trial.
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(SEM).

Effect of DCD
The application of DCD to the well-established pastures (second year trial) significantly (P
< 0.05) increased dry matter production by an average of 10%. No statistical effects were
observed for newly-established pastures (first year trial). This result differs from previous
studies, where dry matter yields of perennial ryegrass and white clover pastures have been
shown to increase by 14 to 42% with DCD application (Carey, et al., 2012; Di and Cameron,
2002b; 2005; 2007; Moir, et al., 2007; 2012b). This may be due to higher N and DCD leaching
losses during the winter period (as discussed in later text), resulting in a smaller amount of N
in the soil during the growing season.

The greatest responses to DCD application was seen in the well-established T. fescue WC
and It. ryegrass WC pasture, where dry matter yield was increased by 16 and 23%,
respectively (Figure 3.26). However, only the It. ryegrass WC result was statistically
significant.
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In a grazed pasture system, there is very little scientific data on the effectiveness of DCD
on dry matter yield for pastures other than P. ryegrass WC. Hence, there is uncertainty
around whether or not these are typical responses to DCD. Further research would give a
better indication of this.

The application of DCD was more effective at increasing N uptake than increasing dry
matter yield, which is similar to findings by Moir, et al. (2007; 2012b). Overall, DCD applied
to the newly-established pastures increased N uptake by approximately 19% (217% greater
response than that seen in DM yield). Similarly, DCD overall increased N uptake by 13% of
well-established pasture treatments, slightly higher than the 10% response of dry matter
yield to DCD application. This therefore indicates that there was likely to be a limiting factor
(e.g. other essential nutrient) with-holding a higher yield in the DCD treatments.

3.4.2 Nitrate leaching
Newly-established pasture (year one trial)
The total volume of drainage water from the first year trial of 456-590 mm is markedly
higher than that reported in other studies (Di and Cameron, 2004c; 2005; 2007; Di, et al.,
2009a; 2002; Moir, et al., 2012a; Silva, et al., 1999). From treatment application until the end
of the winter period, monthly rainfall was notably higher than previous years (Figure 3.3)
and 69% of the total rainfall fell within this short period. Excessively high rainfall and soil
moisture during winter months has the potential to slow the rate of activity of ammoniaoxidising bacteria, because of cooler soil temperatures and increase anaerobic conditions. As
a result, nitrification rates are likely to be reduced, and thus, NO 3--N accumulates more
slowly in the soil, reducing NO3--N leaching losses (McLaren and Cameron, 1996).

Urine applied to P. ryegrass WC saw NO3--N concentration peak at approximately 400 mm
of drainage, about 14 weeks following treatment applications. Other studies involving this
pasture species report peak nitrate concentrations between 150-350 mm of drainage water
(Di and Cameron, 2002b; 2005; 2012; Di, et al., 2009a; 2002). However, NO3--N
concentration peaked at about 266 mg NO3--N L-1 (Figure 3.8), which is not too dissimilar to
peak concentrations measured by others (Di and Cameron, 2002b; 2007; Di, et al., 2009a). In
three other studies involving the free-draining Templeton soil, peak NO3--N concentrations
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were less than those observed in this trial (Di and Cameron, 2004c; 2005; Di, et al., 2002).
Peak NO3--N concentrations in drainage water for other pasture treatments varied from the
P. ryegrass WC pasture by ±2-14%.

Total NO3--N leaching loss from the P. ryegrass WC pasture (305 kg NO3--N ha-1) was
notably greater than previous findings involving free-draining Templeton soil and P. ryegrass
WC swards. Di and Cameron (2004c; 2005) and Di, et al. (2002) reported a total leaching loss
of 85, 134 and 77 kg NO3--N ha-1, 72, 56 and 75% less than that reported in this study,
respectively. The total NO3--N leaching losses in this study are more in line with those
reported under stony Lismore soils, where leaching losses of 255-516 kg NO3--N ha-1 have
been reported (Di and Cameron, 2002b; 2007). The high leaching loss for this particular soil
type is likely because of substantially higher drainage rates during the leaching period.

The deep rooting T. fescue WC pasture leached the highest amount of NO 3--N of all the
pasture species, 39% more than P. ryegrass WC (Figure 3.12). A plausible explanation for this
is because of the lower N uptake and dry matter yield by the T. fescue WC pasture (Figure
3.20 and Figure 3.21). Slow growth and N uptake during the winter period allows more NO 3to accumulate which is then easily leached during drainage events. Further, T. fescue WC
pasture saw the greatest amount of water drained from the system (Figure 3.7), which has
likely contributed to this greater leaching loss of NO3--N. This is because of the slow winter
growth of T. fescue WC pasture, resulting in less soil water taken up by plants via
transpiration.

It. ryegrass WC pasture leached the least amount of NO3--N and at the same time
produced the greatest amount of dry matter of all the pasture species. This suggests that the
winter activity of Italian ryegrass was able to capture a larger proportion of soil N which
would have otherwise been susceptible to leaching. In contrast to T. fescue WC, total
drainage water was the lowest under It. ryegrass WC, which has helped to lower NO 3--N
leaching losses.

Moir, et al. (2012a) reported nitrate leaching losses beneath various pasture species
including perennial ryegrass, Italian ryegrass and tall fescue. N applications were made at a
rate of 700 kg N ha-1. Although this trial was carried out under glass house conditions using
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20 cm depth packed soil cores, there appear to be similarities. Moir, et al. (2012a) found that
leaching losses were up to 75% lower under Italian ryegrass than perennial ryegrass and tall
fescue. Furthermore, N uptake of Italian ryegrass was significantly higher than other pasture
species which was attributed to the lower leaching.

These results are in line with simulation modelling work by Dunbabin, et al. (2003),
suggesting that rooting density was key to lower rates of NO3--N leaching under
dichotomous root architectures compared to herringbone types. Here, the ability of the
highly branched root architectures (similar to rooting patterns of Italian ryegrass) to quickly
deplete NO3--N from the surface mineralisation zone resulted in more NO 3--N being taken
up. Simulation modelling by Habib and Lafolie (1991) also suggested that low density topsoil
root architecture increased the leaching of NO3--N to deeper layers in the soil profile.

Well-established pasture (year two trial)
Total annual volume of drainage water ranged from 464-509 mm, marginally less than
that of the previous year. Lysimeters received approximately 21% less water through rainfall
and simulated rain/irrigation for the same time period as the newly-established trial,
therefore accounting for the smaller volume of collected drainage water.

Peak NO3--N concentration in the drainage water from P. ryegrass WC was 171 mg NO3--N
L-1, at approximately 310-350 mm of drainage water. Peak concentration was about 95 mg
NO3--N L-1 less than that of the newly-established trial, and was reached 50-90 mm earlier.
Peak concentrations of all other pasture species ranged from 166-200 mg NO3--N L-1,
between 310 and 340 mm of drainage water.

On average, NO3--N concentrations in the drainage water for all pasture species
treatments were greater than 100 mg NO3--N L-1 between 220 and 428 mm of accumulated
drainage, compared to 328 and 453 mm for the newly established trial. Nitrate-N
concentrations remained above 100 mg NO3--N L-1 for a further 83 mm of drainage water
compared with the newly established pasture. This is likely because of lower and less
frequent rainfall events early after treatment applications, therefore reducing the dilution
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effect and allowing nitrification to occur at a faster rate due to greater aerobic soil
conditions.

Total NO3--N leached from the P. ryegrass WC pasture was 416 kg NO3--N ha-1, 105 kg NO3-N ha-1 more than that leached under newly-established pasture. For the Diverse and It.
ryegrass WC pasture species, total NO3--N leached was 28 and 38% greater compared with
newly established pasture, respectively. A study by Scholefield, et al. (1993) indicated that
NO3--N leaching losses were higher under old pastures compared with young pastures.
Although here we are dealing with relatively new pastures in both trials and are unable to
make direct comparisons because of seasonal variation between the different aged swards,
the higher leaching loss beneath well-established P. ryegrass WC compared with newlyestablished P. ryegrass WC pasture may go some way to supporting this result. Note that this
was not evident under the T. fescue WC pasture species, possibly because the root system
was more developed and therefore more effective at taking up soil N from greater depths
compared with newly-established T. fescue WC. Future research in this area would give a
better indication of this.

The higher leaching losses compared to the newly-established trial may also be because
of a more evenly spread rainfall pattern during the leaching season. By mid to late June
2010, total drainage from the lysimeters in the first year trial was approximately 300 mm
with the majority of leached NO3--N yet to be seen (indicating high macropore flow and slow
nitrification rates). However, in the second year trial, it wasn’t until early August that 300
mm of drainage water was collected, whereby NO3--N concentrations were nearly at their
peak. To keep within the targeted 75th percentile, simulated rainfall events were less
frequent following the high rainfall period in 2010, and therefore the lysimeters were slower
to drain later in the season. As a result, leachate was generated in January 2011 to complete
the NO3--N break-through curve, allowing necessary time for the second year lysimeters to
be collected (Figure 3.3).

Under this well-established pasture system, again the It. ryegrass WC pasture species
resulted in the lowest leaching losses at 317 kg NO3--N ha-1. Further, the T. fescue WC
pasture species again showed the greatest NO3--N leaching losses, with a 41% greater loss
compared with the It. ryegrass WC pasture. By the 3rd harvest (10 October 2011), It. ryegrass
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WC had taken up about 25% more N than T. fescue WC, which is a likely reason for the
substantially less NO3--N leached by this pasture species.

It is clear that seasonal growth pattern has a strong influence on N uptake and N leaching.
However, detailed work to determine actual rooting distributions of the different pasture
species is necessary to obtain a better understanding of the effect of root architecture on
NO3--N leaching losses. This research work will be described in Chapter four of this thesis.

Effect of DCD
The main effect of the DCD application was a highly significant reduction in the amount of
NO3--N leached. Overall, DCD reduced NO3--N leaching by 30 and 32% for the well- and
newly-established trials, respectively. For the P. ryegrass WC treatments alone, a reduction
in NO3--N leached of 27-29% was recorded. For both the trials, DCD was most effective when
applied to the Diverse pasture, where NO3--N leaching losses were reduced by 40-41%. Other
studies of similar soils have reported greater reductions in NO3--N leaching by DCD
application under pastures of perennial ryegrass and white clover (Di and Cameron, 2004c;
2005). A possible explanation, particularly in the first year trial (Figures 3.13 and 3.19) is that
high rainfall events shortly after the DCD application have transported a substantial amount
of DCD below the critical zone where ammonia-oxidising bacteria occur.

A study by Kim, et al. (2012) indicated that less than 10% of applied DCD reaches soil
depths below 10 cm. In this study, annual rainfall distribution is notably dissimilar to that
recorded in Kim, et al. (2012) with the occurrence of higher winter rainfall events, and
therefore greater amounts of DCD have leached beyond this point. This is indicated by the
DCD leaching loss data shown in Figures 3.13 and 3.19, where DCD was recovered in
drainage water at a depth of 70 cm.

3.4.3 Relationship between nitrate-N leached and N uptake
Figure 3.34a clearly shows for the newly-established pasture trial there was a highly
significant (P < 0.001) correlation (R2 = 0.869) between N uptake and N leached across all
pasture species, with and without DCD. For every 1 kg per ha-1 increase in N uptake there is a
1.1 kg per ha-1 decline in NO3--N leached.
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The well-established trial also indicated that N leaching losses were affected by herbage N
uptake however, this result was statistically non-significant. By the third pasture harvest
(late October 2011), on average 95% of NO3--N had leached from the system. Therefore, by
plotting the total nitrate leached by the end of October against total N uptake from the first
three harvests (Figure 3.34b), it is clear there is a significant (P < 0.05) correlation (R2 =
0.671) between herbage N uptake and N leached. At this time, for every 1 kg per ha-1
increase in N uptake there is approximately 1.4 kg per ha-1 decline in NO3--N leached.

This observation supports the findings of Di and Cameron (2004c; 2005), where a highly
significant (P < 0.001) correlation (R2 = 0.986) between total N uptake and N total N leached
was reported.

The purpose of this study was to determine the effect of pasture species composition on
nitrate leaching losses. The significant correlation between N uptake and N leached shown
above emphasises the need to obtain better knowledge of pasture attributes in order to be
able to select viable pasture species that have a greater potential to take up N, particularly
during winter months. Chapter five of this thesis will explore this in greater detail, and
determine the ability of plant roots at varying soil depth to take up soil N.
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Figure 3.34

Nitrate-N leached (kg NO3--N ha-1) plotted against N uptake (kg N ha-1) for (a)
the first year lysimeter trial, and (b) the second year lysimeter trial from
treatment application until late October, where P1 = P. ryegrass WC, P2 = T.
fescue WC, P3 = It. ryegrass WC and T4 = Diverse pasture.
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3.5 Conclusions
The main conclusions drawn from this experiment are:

 It. ryegrass WC pasture species had the smallest NO3--N leaching losses of all the pasture
species for both newly- and well-established pasture of 230 and 316 kg NO3--N ha-1,
respectively. On the contrary, NO3--N leaching losses were highest under newly- and wellestablished T. fescue WC pasture species, at 496 and 448 kg NO3--N ha-1, respectively.

 The application of DCD to newly- and well-established pasture reduced NO3--N leaching
losses by 26-40% on average across all pasture species.

 Nitrate-N leaching was shown to be strongly correlated with herbage N uptake. For the
newly-established pasture urine only treatments, It. ryegrass WC took up the greatest
amount of soil N and produced the highest yields. It. ryegrass WC pasture had the
greatest N uptake over the drainage period. By the end of the second year trial (2011/12),
annual dry matter production from P. ryegrass WC was the highest, followed closely by
the Diverse pasture.

 The application of DCD to well-established pasture increased dry matter production by up
to 10% on average across all pasture species. The pasture species to show the greatest
increase in yield by DCD application was It. ryegrass WC, where dry matter production
was increased by 23%.

 This research shows that It. ryegrass WC pasture has the greatest potential to take up soil
N during cooler months when there is high risk of leaching, and ultimately, reduces the
risk of nitrate entering underground water ways. However, further research is required to
better understand more specifically the important attributes of pasture species that are
necessary for better use of soil N during this period. It may also be beneficial to
investigate pasture species that have the combined attributes of deep roots and high
winter growth.
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Chapter 4
Field Trial

‘A detailed investigation of root architecture of the pasture species used in the
lysimeter nitrate leaching trial.’
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4.1 Introduction
Root architectures are a very crucial component of pasture plants, and are fundamental
to growth and productivity. In most natural ecosystems, plant growth is limited by water and
nutrient availability. They are also limiting under many agricultural systems, and
consequently intensive use of irrigation and fertilisers can have detrimental consequences
on the environment. It is therefore important to better understand the acquisition of soil
resources by plant root systems in order to improve nutrient use efficiency and reduce the
risk of over-use of fertilisers and environmental contamination.

In dry-land systems in particular, deep rooted crop plants are a viable option to use N and
water from deep soil layers. Additionally, catch crops capable of developing roots in excess
of one metre can also reduce N leaching losses (Kristensen and Thorup-Kristensen, 2004a;
2004b; Thorup-Kristensen, 2001). However, in some instances shallow roots with
adventitious rooting patterns are important for plants to absorb less mobile nutrients such
as phosphorus near the soil surface (Bowman, et al., 1998; Dunbabin, et al., 2003; Habib and
Lafolie, 1991).

Under grazed pasture systems, particularly in areas of high N loading (i.e. urine patches),
there is very little known about the effect of differing root architectures on plant N capture
and NO3--N leaching. Preliminary work by Crush, et al. (2005), Nichols and Crush (2007) and
Popay and Crush (2010) has suggested that plants with finely divided root structures and a
large surface area have a greater potential for capturing soil N, reducing the potential for
NO3--N leaching losses. However, research under ‘field conditions’ is required to support
these initial studies.

The objective of this study was to gain a better understanding of the root system
architecture of the pasture species studied in the lysimeter experiment in Chapter three.
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4.2 Methodology
4.2.1 Trial description and preparation
The trial was located on the Lincoln University Research Dairy Farm, 15 km SW of
Christchurch, New Zealand (latitude 43°38’south, longitude 172°28’east) (Plate 4.1;
Appendix A: Figure A.1). The soil type was the same as that studied in the lysimeter trial, a
Templeton fine sandy loam soil (USDA: Udic Ustochrept, coarse loamy, mixed, mesic; or New
Zealand classification: Immature Pallic soil (Appendix A; Appendix B: Plate B.1)) (Fraser,
1992; Hewitt, 2010; Silva, et al., 1999).

Plate 4.1

Trial site at Lincoln University Research Dairy Farm.

4.2.2 Treatments
Herbage yield measurements were taken over two years – May 2010 to April 2011 (year
one) and May 2011 to April 2012 (year two). The trial was setup as a split plot design. The
main plots consisted of a randomised block design with four blocks and four pasture
treatments, and the sub-plots were randomly allocated within each main-plot (Appendix E:
Figure E.3).
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Pasture Treatments (main-plots)
On 2 March 2010, 16 large main plot areas (2.1x6 m) of bare cultivated soil were
mechanically sown with randomly allocated pasture treatments, using the same pasture
species as for the lysimeter trial. Four pasture species mixes were used:

1. P. ryegrass WC

Perennial ryegrass (Lolium perenne)
White clover (Trifolium repens)

2. T. fescue WC

Tall fescue (Festuca arundinacea)
White clover

3. It. ryegrass WC

Italian ryegrass (Lolium multiflorum)
White clover

4. Diverse

Perennial ryegrass
Italian ryegrass
White clover
Red clover (Trifolium pratense)
Chicory (Chicorium intybus)
Plantain (Plantago lanceolata)

There were four replicate plots of each pasture species. A precision plot drill (2.1 m width)
attached and operated behind a tractor was used to sow the seed. The plots were then
irrigated with 10 mm of water daily for approximately two weeks to initiate seed
germination and rapid pasture establishment. At sowing, all plots received a basal fertiliser
application consisting of 50 kg P ha-1 in the form of 20% potash sulphur super fertiliser (0-106-16). Within each main plot, a 1x1 m sub-plot was marked out for synthetic-urine
treatment.

Synthetic Urine Treatments (sub-plots)
It was not possible to use natural cow urine in this experiment, due to the large volumes
required, and therefore synthetic urine was used as an alternative. The synthetic urine was
made up at Lincoln University to a nitrogen concentration of 10 g N L-1 as urea. To represent
natural cow urine, the solution also contained glycine, potassium bicarbonate, potassium
chloride and potassium sulphate at 4.84, 23.3, 4.2 and 2.3 g L-1, respectively (Fraser, 1992).
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Ten litres of synthetic urine (1000 kg N ha-1) was applied evenly to all sub-plots with
watering cans on 13 May 2010 and 4 May 2011 to simulate urine patches deposited by
grazing dairy cows (Di and Cameron, 2002a; Di and Cameron, 2002b; Di and Cameron, 2004c;
Di and Cameron, 2005; Di and Cameron, 2007).

All plots received split applications of urea fertiliser at a rate of 200 kg N ha-1 per year
following urine treatments for the duration of the trial. These applications were carried out
during the spring/summer/autumn period following a pasture cut/simulated grazing, at rates
between 25 and 50 kg N ha-1 per single application. Urea applications were made before a
rainfall event or were followed up with 10 mm of irrigation water to reduce losses by
ammonia volatilisation.

Treatments remained the same in the second year trial. However, sub-plots were shifted
to non-urine treated ground within the main plot area (i.e. ground that had not received any
form of urine). Because pasture renewal was not required, this allowed for climate and root
distribution comparisons between newly-established (year one) and well-established (year
two) pastures. Prior to 2011 treatment applications, all main plots received a basal fertiliser
application of Lucerne Mix (0-6-15-13) at a rate of 500 kg per hectare. See Appendix B (Table
B.2) for initial soil fertility information.

4.2.3 Pasture sampling and measurements
Pasture cuts were taken from each sub-plot on a monthly basis during the peak growing
season, or when necessary (simulating a typical on-farm grazing rotation). A 0.2 m2 ring was
placed randomly within the sub-plot area and all pasture within the ring was harvested. Cuts
were performed with electric hands shears, and harvested to a standard height of
approximately 5 cm (1500 kg DM ha-1 residual).

Wet and dry herbage weights were obtained for each sub-plot, which were used to
calculate dry matter yield.
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4.2.4 Root distribution sampling and measurements
On 22 September 2010 and 17 October 2011, small-plot soil profiles to a depth of one
metre were exposed using a 1.8 tonne excavator. This was performed on all the sub-plots for
each of the four blocks, giving four replicate profiles of each pasture species. The statistical
design for root distribution is therefore reduced to a randomised block design. Soil cubes of
dimension 100x100x100 mm were taken at 100 mm increments diagonally down the soil
profile to a depth of 800 mm.

These soil samples were then put through a root-cleaning machine to isolate the root
material from the soil (Plate 4.2). This involved placing the soil samples into round mesh
cages, which fitted into the cleaning machine. This was operated by rollers supporting the
soil cages that rotated, thereby revolving the cages, while water jets directed at the cages
washed the soil away, leaving the root material within the mesh cages. The cleaning
machine was left to run for approximately 10 minutes per sample.

The root samples were further carefully washed by hand to remove any remaining soil
residue and ensure a clean sample of root material was obtained (Plate 4.3). The root
sample was then submersed in water in 100 ml containers and refrigerated until analysed.
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Rotating soil
cage

Water jet

Plate 4.2

The root cleaning machine with rotating soil cages mounted inside.

Plate 4.3

Example of an isolated root sample following the cleaning process.

108

Total root length, average root diameter, total surface area, total root volume, and root
length per root diameter unit was measured by computer scanning and analysis (Plate 4.4).
This involved floating the root samples in water trays, positioned in the scanner (Plate 4.4).
The root samples were digitised by creating grey-scale images (400 dpi, with a transmitted
light unit (TLU), EPSON EXPRESSION 10000XL 3.49). The images (Plate 4.5) were analysed by
the computer software WinRHIZO (Reg V2009c; Regent Instruments Inc., Quebec City,
Canada) (Himmelbauer, et al., 2004).

Plate 4.4

Computer scanner machine used to measure root distribution of washed root
samples.

Plate 4.5

Scanned image of a root sample following root measurement analysis by the
WinRHIZO computer programme. Coloured lines indicate analysed roots and
the different colours indicate root diameter.
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4.2.5 Irrigation
During drier periods of the year (particularly summer months), the field plots were
irrigated with a boom sprinkler irrigator connected to a motorised winch. The rate of water
application was based upon estimated weekly evapotranspiration rates to ensure plant
growth was not moisture limited.

4.2.6 Statistical analysis
Statistical analysis of the data was conducted using an analysis of variance (ANOVA) for a
split plot design with main-plot treatments being pastures and sub-plot treatments urine,
using the computer programme GenStat (14th Edition, Lawes Agricultural Trust).
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4.3 Results
Climate data given in Section 3.3.1 of this thesis is also relevant for this chapter.

4.3.1 Root distribution
4.3.1.1 Pasture root length
Year one (2010/11)
Root length density (cm cm-3) at 10 cm depth increments from 0 to 80 cm soil depth for
the first year trial is illustrated in Figure 4.1a. At 0-10 cm depth, P. ryegrass WC, It. ryegrass
WC and Diverse pasture root length ranged from 8.9-10.3 cm cm-3. The root length of T.
fescue WC at this depth was significantly (P < 0.05) less than the P. ryegrass WC and It.
ryegrass WC pasture species (39-44%), but not statistically different from the Diverse
pasture. At 30-40 cm depth, T. fescue WC was significantly (P < 0.05) shorter in root length
than the Diverse pasture species. No other measurements were statistically significant. The
root length of all pasture species between 0 and 40 cm depth represented 97-99% of the
total root length of that species. There was no significant difference in root length between
pasture species below a depth of 40 cm.

The total length of roots (m) recovered for all eight root samples for each pasture
treatment is shown in Figure 4.2. Total root length ranged from 120 m (T. fescue WC) to 182
m (It. ryegrass WC). There was no significant difference between P. ryegrass WC, It. ryegrass
WC and Diverse pasture treatments. The total root length of T. fescue WC was significantly
(P < 0.05) shorter (30-34%) than all other pasture species.

Year two (2011/12)
Root length density (cm cm-3) at 10 cm increments from 0 to 80 cm soil depth for the
second year trial is illustrated in Figure 4.1b. There was a significant (P < 0.05) main effect of
pasture species on root length density at depths of 0-20 and 30-40 cm and a highly
significant (P < 0.001) effect at 70-80 cm. At 0-10 cm depth, root length density ranged from
4.9 (Diverse pasture species) to 11.8 cm cm-3 (P. ryegrass WC). Root length density of P.
ryegrass WC was higher than all other pasture species between a depth of 0 and 40 cm, and
was significantly (P < 0.05) higher than all other pasture species except T. fescue WC at 10-40
cm. At 30 to 40 cm, the root length density of T. fescue WC was significantly (P < 0.05)
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greater than It. ryegrass WC, and significantly greater than the Diverse pasture species at 5060 cm. At 70-80 cm T. fescue WC root length density was significantly (P < 0.05) greater than
all other pasture species.

The total length (m) of recovered roots from each pasture treatment is illustrated in
Figure 4.3. The main effect of pasture species on total root length recovered was highly
significant (P < 0.001). All differences between pasture species were significantly (P < 0.05)
different, except for that of It. ryegrass WC and Diverse pasture species. Total root length
ranged from 108 m (Diverse pasture species) to 243 m (P. ryegrass WC) and P. ryegrass WC
pasture species was 28-125% longer than all other pasture species.
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(b) Year two
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Root length density (cm cm3) at increasing soil depth for (a) year one trial
(sampled on 22-Sep-10) and (b) year two trial (sampled on 17-Oct-2011).
Horizontal bars indicate LSD (P < 0.05) for each depth, calculated for four
treatment means.
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Figure 4.2

T. fescue WC

It. ryegrass WC

Diverse

Total length (m) of recovered roots between 0 and 80 cm (year one: sampled
on 22-Sep-10; sample size, 8000 cm3 soil). Vertical bars indicate the standard
error of the mean (SEM). LSD (P < 0.05) calculated for three treatment means
only (P. ryegrass WC, T. fescue WC and It. ryegrass WC).
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Total length (m) of recovered roots between 0 and 80 cm (year two: sampled
on 7-Oct-11; sample size, 8000 cm3 soil). Vertical bars indicate the standard
error of the mean (SEM). LSD (P < 0.05) calculated for four treatment means.
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4.3.1.2 Pasture root diameter
Year one (2010/11)
Average root diameter data for the four pasture species treatments at 10 cm increments
from 0 to 80 cm soil depth for the first year trial is illustrated in Figure 4.4a. There was no
significant difference between the P. ryegrass WC, It. ryegrass WC and Diverse pasture
species, and average diameter of these pasture species varied from the initial diameter at 010 cm depth by 8-89%. T. fescue WC roots showed the greatest variation in root diameter.
At 20-30 cm depth, average root diameter for T. fescue WC was 0.32 mm, and increased to
0.94 mm at a depth of 60-70 cm. Average root diameter of T. fescue WC roots was
significantly (P < 0.05) greater than all other pasture species at soil depths 0 to 70 cm.
Overall, root diameter tended to increase with soil depth.

Figure 4.5 illustrates the proportion of analysed roots in each of the diameter ranges of 00.5, 0.5-1.0, 1.0-1.5 and >1.5 mm. On average, 81-89% of roots were within the range of 00.5 mm, with the T. fescue WC pasture containing the lowest proportion of roots within this
diameter, and It. ryegrass WC the highest proportion. Only 0.3-0.8% of the root structures
were greater than 1.5 mm in diameter. T. fescue WC had the greatest proportion of roots
greater than 1.5 mm.

Year two (2011/12)
Average root diameter (mm) for the second year trial is illustrated in Figure 4.4b. There
was no significant difference at any depth between 0 and 80 cm between the P. ryegrass
WC, It. ryegrass WC and Diverse pasture species, and the average diameter of these pasture
species deviated from the initial diameter by 19-53%. Root diameter of the T. fescue WC
pasture species showed the least amount of variation (2-20%) of all pasture species. At 5070 cm, the root diameter of T. fescue WC was significantly (P < 0.05) greater than all other
pasture species, and significantly (P < 0.05) greater than the Diverse pasture species at 20-40
cm, and P. ryegrass WC at 20-30 cm. At 60-70 cm, there was a highly significant (P < 0.001)
main effect of pasture species on root diameter.
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The proportion of analysed roots within the diameter ranges of 0-0.5, 0.5-1.0, 1.0-1.5 and
>1.5 mm is illustrated in Figure 4.6. A majority of the total root length (89-92%) was 0-0.5
mm in diameter. P. ryegrass WC contained the lowest percentage of roots in this diameter,
while the Diverse pasture species contained the highest percentage. For diameters 0.5-1.0,
1.0-1.5 and >1.5 mm the Diverse pasture species contained the lowest percentage of total
root length. At 0.5-1.0 and 1.5-2.0 mm the P. ryegrass WC pasture species contained the
highest percentage of total root length, while T. fescue WC contained the highest at 1.0-1.5
mm.
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It. ryegrass WC

Root diameter (mm) at increasing soil depth for (a) year one trial (sampled on
22-Sep-10) and (b) year two trial (sampled on 17-Oct-2011). Horizontal bars
indicate LSD (P < 0.05) for each depth, calculated for four treatments means.
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4.3.1.3 Pasture root surface area and volume
Year one (2010/11)
Pasture root surface area (cm2) of the four pasture species are illustrated in Figure 4.7.
The pasture species with the greatest surface area was P. ryegrass WC at 1598 cm 2. The
roots of T. fescue WC had the lowest surface area at 1321 cm 2, which is significantly (P <
0.05) less than the P. ryegrass WC pasture.

The total volume of recovered roots is illustrated in Figure 4.8. Total volume ranged from
10 to 12 cm3; however, differences were not statistically significant.
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Total surface area (cm2) of recovered roots between 0 and 80 cm (year one:
sampled on 22-Sep-10; sample size, 8000 cm3 soil). Vertical bars indicate the
standard error of the mean (SEM). Means with a letter in common are not
significantly different at the 5% level of significance. LSD (P < 0.05) calculated
for four treatment means.
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Total volume (cm3) of recovered roots between 0 and 80 cm (year one:
sampled on 22-Sep-10; sample size, 8000 cm3 soil). Vertical bars indicate the
standard error of the mean (SEM). Means with a letter in common are not
significantly different at the 5% level of significance. LSD (P < 0.05) calculated
for four treatment means.

Year two (2011/12)
Pasture root surface area (cm2) of the second year trial is illustrated in Figure 4.9. The
main effect of pasture species was shown to be highly significant (P < 0.001). The pasture
species with the greatest surface area was P. ryegrass WC at 2135 cm2. The roots of the
Diverse pasture species had the lowest surface area, 23-61% less than the other pasture
species. The total surface areas of P. ryegrass WC and T. fescue WC pasture species were not
statistically different, but both were significantly (P < 0.05) greater than the It. ryegrass WC
and Diverse pasture species. It. ryegrass WC and Diverse pastures were not statistically
different.

The total root volume (cm3) of the four pasture species (sampled during the second year
trial) are illustrated in Figure 4.10. The main effect of pasture species on total root volume
was significant (P < 0.01). The total root volumes of P. ryegrass WC and T. fescue WC pasture
species were not significantly different, but both were significantly (P < 0.05) greater than
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the It. ryegrass WC and Diverse pasture species. P. ryegrass WC had the highest volume of
roots at 15.6 cm3, and Diverse pasture the lowest at 5.3 cm3.
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Total surface area (cm2) of recovered roots between 0 and 80 cm (year 2:
sampled on 17-Oct-11; sample size, 8000 cm3 soil). Vertical bars indicate the
standard error of the mean (SEM). Means with a letter in common are not
significantly different at the 5% level of significance. LSD (P < 0.05) calculated
for four treatment means.
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Total volume (cm3) of recovered roots between 0 and 80 cm (year 2: sampled
on 17-Oct-11; sample size, 8000 cm3 soil). Vertical bars indicate the standard
error of the mean (SEM). Means with a letter in common are not significantly
different at the 5% level of significance. LSD (P < 0.05) calculated for four
treatment means.
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4.3.2 Herbage yield
Year one (2010/11)
The total dry matter production from all four treatments for the first year trial is
presented in Figure 4.11. For the urine only treatments, total dry matter production ranged
from 18,539 kg DM ha-1 (T. fescue WC) to 20,622 kg DM ha-1 (P. ryegrass WC). However, the
differences were not statistically significant.
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Total DM production (kg DM ha-1) following year one treatment application
(2010). Vertical bars indicate the standard error of the mean (SEM). LSD (P <
0.05) calculated for four treatment means.

Year two (2011/12)
The total dry matter production from all four treatments for the second year trial is
presented in Figure 4.12. Total dry matter production ranged from 17,106 kg DM ha-1 (T.
fescue WC) to 20,735 kg DM ha-1 (Diverse). Dry matter production from T. fescue WC
pasture was 15 and 18% less (P < 0.05) than the P. ryegrass WC and Diverse pasture species,
respectively. Further, It. ryegrass WC produced 9 and 10% less annual dry matter than the P.
ryegrass WC and Diverse pasture species, respectively (P < 0.05).
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Total DM production (kg DM ha-1) following year two treatment application
(2011). Vertical bars indicate the standard error of the mean (SEM). LSD (P <
0.05) calculated for four treatment means.
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4.4 Discussion
4.4.1 Root architecture and yield
The research found that pasture species had significant variations in root distribution at
various depths in the soil profile. Root length density, total root length, root diameter, root
surface area and root volume are aspects of root distribution that varied between the
different pasture species. In addition, the age of the pasture sward also had an effect on root
distribution.

The root distribution data indicate that various pasture species differ in rate of root
establishment. Root and dry matter yield data indicate that tall fescue is slower to establish
compared with other pasture species (i.e. Italian and perennial ryegrass). For the first year
trial (2010/11), root length density of T. fescue WC at 0-10 cm in September (6 months after
sowing) was 5.8 cm cm-3, which increased by 28% to 7.4 cm cm-3 approximately one year
later. However, the root length density of the faster establishing P. ryegrass WC and It.
ryegrass WC pasture species was 57 and 64% greater than T. fescue WC in year one at 9.1
and 9.5 cm cm-3, respectively.

Slow root establishment of the T. fescue WC pasture species is also evident at greater soil
depths, not only in terms of root length density, but also root diameter. At 30-40 cm depth,
the root length density of T. fescue WC was significantly lower than the Diverse pasture
species. However, by year two T. fescue WC, root length density increased by 13-76%
between 0 and 30 cm depth, and was 5 to 25-fold greater than the Diverse species between
30 and 80 cm depth. Further, root length density of T. fescue WC was significantly (P < 0.05)
greater than other pasture species at 10-20, 30-60 and 70-80 cm depths by year two.

The root diameter of P. ryegrass WC, It. ryegrass WC and the Diverse pasture species
during the well-established (year two) trial showed little variation down the soil profile, and
averaged approximately 0.24 mm between 0 and 70 cm. This agrees with findings by Nichols
and Crush (2007) whereby average root diameter of Italian ryegrass (cv. ‘Tabu’) was 0.241
mm. However, Zobel (2013) found that the majority of perennial ryegrass roots were below
0.2 mm, which is notably less than that observed in this experiment and may be because of
the experimental conditions, where plants were grown for 54 days in 10 cm pots in a
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glasshouse with temperatures ranging between 10 and 25oC. The root diameter of T. fescue
WC during the newly established (year one) trial increased markedly between the 30 and 70
cm depth, however this was not evident at the second sampling during the second year trial,
whereby, root diameter remained relatively constant with depth and deviated from the
initial mean diameter of 0.32 mm at the 0-10 cm depth by a maximum of only 0.07 mm. This
architectural change is possible due to a substantial increase in root length density at all the
various depths, where greater numbers of finer lateral-branching roots have developed,
resulting in a reduced mean root diameter.

Dry matter yields between May and the mid-September obtained from the second year
(2011/12) trial also suggest that there is a difference in the rate of establishment between
tall fescue and Italian ryegrass. After the second harvest of the well-established trial on 13
September 2011, the yield difference between T. fescue WC and It. ryegrass WC pasture
species was only 0.4 t DM ha-1. However, at the second harvest of the newly-established trial
(14 September 2010), dry matter yields of T. fescue WC and It. ryegrass WC were 4.4 and 6.4
t DM ha-1, respectively. This confirms computer simulation modelling work by Dunbabin, et
al. (2003) and Habib and Lafolie (1991) indicating that plants capable of producing a high
density of roots in the top soil early in the season have the greatest potential to capture soil
N, leading to greater yields.

Kemp, et al. (2004) also reported that tall fescue was slow to establish, due to poor
mobilisation of seed reserves and slow seedling growth, and that Italian ryegrass was a
faster establishing grass species. In addition, studies by Minnee, et al. (2010) and HamiltonManns, et al. (1995) showed the emergence of tall fescue seedlings to be significantly slower
than perennial ryegrass. These findings must be considered when incorporating tall fescue
into a grazed pasture system.

The root length density at 0-10 cm depth between the first and second year trials may
indicate a difference in longevity between pasture species, particularly that of Italian and
perennial ryegrasses. Given that Italian ryegrass is a short rotation species, its persistence is
restricted to a substantially shortened period of time compared with perennial species such
as perennial ryegrass and tall fescue, and therefore its performance is likely to decline from
year to year (Kemp, et al., 2004). During year two, the root length density of It. ryegrass WC
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had decreased by 13%, compared with P. ryegrass WC that increased in density by 15%. In
addition, root surface area and volume of It. ryegrass WC pasture declined by 29 and 32%,
respectively.

In year two, the root length density of P. ryegrass WC at 0-10 cm was significantly greater
than all other pasture species. Popay and Crush (2010) also showed that perennial ryegrass
had proportionally more roots than various other species (e.g. Italian ryegrass) at the same
depth.

The observed root distribution for the Diverse pasture species is particularly interesting,
and somewhat unexpected. The literature and various seed companies suggest that chicory
and plantain have deep tap-roots (Eriksen, et al., 2012; Kemp, et al., 2004; Skinner, 2008);
however this was not evident from the root architecture analysis. In both years, mean root
diameter at all sampled depths was not significantly different from P. ryegrass WC and It.
ryegrass WC, and at 0-10 cm, root length density was 2.5-2.7 cm cm-3 less than T. fescue WC
and It. ryegrass WC pasture species, and significantly lower than P. ryegrass WC in year two.
Furthermore, root length density of the Diverse pasture species was significantly lower than
other pasture species at different soil depths. Both root surface area and root volume were
significantly lower than P. ryegrass WC (61 and 66%, respectively) and T. fescue WC pasture
species (51 and 58%, respectively) during the second year trial, and the proportion of root
length greater than 0.5 mm in diameter was 7.8%, which was the lowest of all other pasture
species.

There are a number of possible reasons why no tap roots were found in the analysis of
the Diverse pasture species. Firstly, there may have been insufficient time for these
particular herb species to develop deeper root systems. Secondly, deep roots (i.e. tap roots)
may develop more prolifically in response to conditions found under dry-land pastoral
systems than those of irrigated pastures. Thirdly, under high N-loading areas (i.e. animal
urine patches) there may not be a requirement for the penetration to deeper soil depths,
because of adequate nutrient reserves closer to the soil surface. Finally, it is possible that
the rooting depth of these species is simply over-estimated for this type of pastoral system.
More detailed research is required to better understand the rooting pattern and behaviour
of these particular herb species at various soil depths under different farming systems.
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4.4.2 Relationship with nitrate leaching data (Chapter three)
This research work has improved our knowledge of root architectures at various soil
depths of the pasture species mixes used in the lysimeter trial (Chapter three). Although it is
difficult to draw statistical conclusions given the trial was run separately from the
lysimeter/nitrate leaching experiment, it provides useful information to examine and discuss
the relationship between plant root architecture and nitrate leaching losses.

A detailed analysis of root architectures of the different pasture species indicates that
there is possibly an inconsistent relationship between various root distribution parameters
(e.g. root surface area, root length density and root volume) and NO 3--N leaching losses
(Figure 4.13), particularly as pasture roots become more established. A regression analysis
comparing total root surface area and NO3--N leaching losses of the first year trial (2010/11)
did not indicate a significant relationship. This is evident under the It. ryegrass WC pasture
species, where NO3--N leaching losses were significantly (P < 0.05) lower than other pasture
mixes with no significant difference in root length density and surface area (Figure 4.13a).
There was a particularly poor relationship between various root architectural parameters
(e.g. surface area) and NO3--N leaching loss in the second year trial (Figure 4.13b). Leaching
losses beneath the T. fescue WC pasture species were 41% greater than that of It. ryegrass
WC, despite a 40-57% higher root surface area.
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Total amount of NO3--N leached (kg ha-1) and root surface area (cm2) for (a)
year one (2010/11), and (b) year two (2011/12). Vertical bars indicate the
standard error of the mean (SEM).

NO3--N leaching losses from T. fescue WC during year two were on average 6% less than
in year one, unlike other pasture species which leached 27-40% more NO3--N. Root analysis
of T. fescue WC indicated that root length density in the top 20 cm and total surface area
increased by 22 and 29%, respectively, which may have contributed to the reduction in
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leaching loss. This could be a seasonal effect; however, root architectural parameters of P.
ryegrass WC also increased in the second year trial, and yet NO3--N leaching losses were
approximately 35% higher compared to year one, which is contrary to that observed under
the T. fescue WC pasture species.

A study by Crush, et al. (2005) found that root system shape was unimportant compared
with plant growth rate in influencing nitrate interception, which seems to be supported by
the findings in this study. For the lysimeter trial in particular (Chapter three), It. ryegrass WC
had higher winter yields than other pasture species, resulting in lower leaching losses
despite a root system similar to other pasture species. In addition, a greater root length
density of T. fescue WC at deeper soil depths did not appear to boost yield in the second
year field trial.

Relating the data to results in the NO3--N leaching trial (Chapter three) has made it
evident that NO3--N leaching loss is likely to be more directly affected by the seasonal
growth pattern of the herbage rather than root architecture. As NO3--N leaching losses occur
during the winter period, when growth rates are slow, pasture species more active during
these cooler months (e.g. Italian ryegrass) are likely to capture greater amounts of soil N and
reduce the quantity of NO3--N susceptible to leaching, in spite of there being no significant
difference in various root parameters compared with other pasture species. A study by
Nichols and Crush (2007) supports the concept that winter active plant species are more
effective at capturing soil N, reducing potential for nitrate leaching. Furthermore, it is
possible that because there are sufficient water reserves within the top layer of the soil
during the winter period, deep rooted T. fescue WC pasture is not required to extract water
(and assimilated N) from deep depths.

Given the difficulties making statistical comparisons between root distribution and NO 3--N
leaching loss in the two separate trials, it was necessary to further investigate a more direct
effect of root architecture on NO3--N leaching loss and N uptake, and to determine the ability
of deep roots to take up soil N during cool periods of the year when growth rates are low.
The following chapter (Chapter five) will investigate these interactions more closely.
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4.5 Conclusions
The main conclusions drawn for this research work are:



There was no significant difference in root length density between pasture species
below 40 cm depth in year one.



In year two, the root length density of P. ryegrass WC between 0 and 40 cm depth was
significantly (P < 0.05) greater than all pasture species, except T. fescue WC between
10 and 40 cm depth.



The total length of recovered roots of the T. fescue WC pasture species between 0 and
80 cm depth in year one was significantly less than P. ryegrass WC and It. ryegrass WC.



In year one, average root diameter of T. fescue WC increased with depth to 70 cm. In
year two, average diameter reduced due to the development of finer root structures,
and was significantly greater than other pasture species between 20-40 and 50-70 cm
depths.



T. fescue WC roots are slow establishing and did not produce greater root length
densities than the other studied pasture species between 0 and 80 cm depth during
the first year.



In year two, the root length density of T. fescue WC increased by 13-76% between 10
and 30 cm depth, and by up to 25-fold between 30 and 80 cm depth compared with
year one, and was significantly greater than all pasture species at the 70-80 cm depth.
Further research is required to understand the ability of T. fescue WC and the winter
active It. ryegrass WC pasture species to extract N from various soil depths, particularly
during the winter period.
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Chicory and plantain of the Diverse pasture species did not appear to develop distinct
tap roots and root structures were not significantly different from P. ryegrass WC and
It. ryegrass WC at the various soil depths.



Nitrate leaching losses (Chapter three) appear to be more directly affected by seasonal
growth patterns (i.e. winter activity) than by root architecture.



This experiment indicated an insignificant relationship between NO 3--N leached and
various root parameters. However, further research involving detailed root data from
soil samples taken direct from lysimeters of a NO3--N leaching experiment is necessary
to obtain statistical comparisons and draw more accurate conclusions of this
relationship.
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Chapter 5
N Uptake Trial

‘An investigation of 15N recovery in herbage of T. fescue WC and It. ryegrass WC
following fertiliser injections made at a range of soil depths.’
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5.1 Introduction
Various mitigation techniques to reduce nitrate leaching losses (e.g. nitrification
inhibitors) continue to be intensively researched. A possible mitigation option, which very
little is known about, is the use of specific pasture species with varying root architectures
and seasonal growth patterns to capture N at various depths, particularly during cooler
months when soils are draining (i.e. late autumn/winter/early spring). Various ryegrass
species are commonly used in New Zealand grazed pasture systems; however, they generally
have a shallow root system with up to 85% of roots found within the top 15 cm of soil
(Bolinder, et al., 2002; Haynes and Williams, 1993; Troughton, 1957; also refer to Chapter
four).

Investigations into the strategic use of different pasture species to take up soil N have
recently begun (Crush, et al., 2005; Moir, et al., 2012a; Nichols and Crush, 2007; Popay and
Crush, 2010), and suggest that the use of novel pasture species may be adopted as a viable
mitigation option to reduce nitrate leaching losses. Chapters three and four have clearly
demonstrated that It. ryegrass WC lowers nitrate leaching losses compared with other
pasture species (particularly T. fescue WC, despite a shallower root system). However,
further research is required to investigate the ability of these somewhat contrasting pasture
species (It. ryegrass WC, T. fescue WC) with differing root architecture and seasonal growth
patterns to take up N from deep in the soil.

The objective of this research experiment is to gain a detailed understanding of the
processes behind the results observed in Chapters three and four; whereby leaching losses
beneath It. ryegrass WC were considerably lower than those under the deeper rooting T.
fescue WC species, and to determine the level of importance of the deep T. fescue WC roots
at taking up N from depth during the winter period, in comparison to the shallower root
system of the winter active It. ryegrass WC species.
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5.2 Methodology
5.2.1 Trial description and preparation
The 15N uptake trial was carried out in a climate-controlled growth chamber at The New
Zealand Biotron facility at Lincoln University, Canterbury (latitude 43°39’south, longitude
172°28’east). The trial ran for a period of five months from December 2011 until April 2012
and simulated an average Canterbury climate during the winter period in terms of air
temperature and day length. The soil type was a Templeton fine sandy loam soil (USDA: Udic
Ustochrept, coarse loamy, mixed, mesic; or New Zealand classification: Immature Pallic soil
(Appendix A and B; Plate B.1)) (Fraser, 1992; Hewitt, 2010; Silva, et al., 1999).

Lysimeter collection and installation
Herbage and leaching measurements were made on 48 undisturbed soil monolith
lysimeters (180 mm diameter by 700 mm depth). Lysimeters were collected from a pasture
site at the Lincoln University Research Dairy Farm, Canterbury (latitude 43°38’south,
longitude 172°28’east) and installed into The New Zealand Biotron at Lincoln University,
Canterbury following well-established protocols and procedures (Cameron, et al., 1992)
(Plate 5.1).

The collection process involved placing a purpose-built PVC cylinder casing (190 mm
diameter by 700 mm depth) on the soil surface, carefully digging around the casing, making
sure to minimise disturbance to soil structure inside, and gradually pushing the casing down
by small increments. When the casing reached the desired depth (700 mm), the soil
monolith was cut off at the base. An end cap was then secured to the base of the lysimeter
and petroleum jelly was used to seal the gap between the soil core and casing to prevent
preferential edge-flow. The lysimeters were then lifted out and transported to the Biotron
facility on a specially designed trailer with air-bag suspension to minimise disturbance. The
bottom 50 mm of soil was replaced with gravel to create a condition similar to that in the
field and to prevent blockages within the drainage tube. Caps were then fixed and sealed to
the base of the lysimeters so that drainage water passed out the drainage hole in the centre
of the base cap. Lysimeters were randomly placed inside the Biotron growth chamber on six
900x900 mm wooden tables (8 lysimeters per table) that stood 500 mm above the floor.
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Plastic tubing was connected and sealed to the base of each lysimeter and drained into a
two litre collection vessel.

Plate 5.1

The lysimeters installed at The New Zealand Biotron, Lincoln University.

5.2.2 Lysimeter treatments
Herbage and leaching measurements were taken over a five month period following
treatment injections in December 2012. The trial consisted of 12 treatments replicated four
times, giving a total of 48 lysimeters (Table 5.1). All treatments were randomly allocated to
the lysimeters.

All the lysimeters received basal fertiliser applications at the beginning of the trial
consisting of 50 kg P ha-1 in the form of 20% potash sulphur super fertiliser (0-10-6-16).
Furthermore, lysimeters received the equivalent of two tonnes of hydrated lime per hectare.
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Pasture treatments
The lysimeters were collected from sites containing the necessary established pasture
species. These pastures were approximately 18 months old. Two species of pastures were
used in this experiment, which were selected based on their root architecture and
performance in Chapters three and four:

1. Tall fescue, white clover (T. fescue WC); deep root system, low winter activity
(Chapters three and four), highest nitrate leaching loss on average over a two year
period (Chapter three).
2. Italian ryegrass, white clover (It. ryegrass WC); moderately shallow root system, high
winter activity (Chapters three and four), lowest nitrate leaching loss (Chapter
three).
Table 5.1

Description of the lysimeter treatments.
15

Non-leached

Rate of 15N urea
(kg N ha-1)
300

250

Non-leached

300

T. fescue WC

450

Non-leached

300

4

T. fescue WC

50

Leached

300

5

T. fescue WC

250

Leached

300

6

T. fescue WC

450

Leached

300

7

It. ryegrass WC

50

Non-leached

300

8

It. ryegrass WC

250

Non-leached

300

9

It. ryegrass WC

450

Non-leached

300

10

It. ryegrass WC

50

Leached

300

11

It. ryegrass WC

250

Leached

300

12

It. ryegrass WC

450

Leached

300

Treatment

Pasture type

1

T. fescue WC

2

T. fescue WC

3

15

N injection depth
(mm)
50

Soil condition

Nitrogen treatments
15

Nitrogen-enriched urea (10 atom %) was injected as a dissolved solution into the

sidewalls of the lysimeters at a rate of 300 kg N ha-1 on 15 December 2011 (Plate 5.2). This
was performed using specifically designed needles for each different injection point around
the lysimeter. There were seven injection points at each injection depth, 50, 250 or 450 mm
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from the soil surface (Table 5.1; Plate 5.2a). These injection points consisted of 1.6 mm holes
running parallel with the centre hole. The centre hole was drilled perpendicular with the
centre point of the lysimeter.

The urea solution was injected in a grid pattern to achieve an even distribution of

15

N

solution throughout the soil at the given depth. This was done using a measured board with
a series of marked points, indicating where injections were to be administered (Plate 5.2b).
Single injections consisted of 4 ml of the 15N enriched solution. The amount of solution was
based upon calculations of estimated pore space within the immediate vicinity of the
injection point, and was tested by injecting red dye into a mock lysimeter which was then cut
in half approximately 10 mm below the injection point and visually assessed to determine
the suitability of the methodology (Plate 5.3).
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(a)
Injection holes

(b)

Plate 5.2

Injection points of 4 ml
of 15N solution

Injection of 15N enriched urea solution through the lysimeter casing, where (a)
shows the seven injection holes in the side of the lysimeter casing, and (b) the
grid used as a guide for making the series of injections.
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Plate 5.3

The cutting of the mock lysimeter after injection of dye through the side wall
of the casing, and the visual distribution of the dye 10 mm below the injection
points (red border indicates injected area).

Water treatments
All lysimeters were irrigated with one of two rates of deionised (DI) water. Half were
irrigated to approximately 30% soil moisture content (i.e. non-leached) and the other half at
rates that initiated drainage (i.e. leached) (Table 5.1). These water regimes generated two
different N uptake scenarios: (i) pastures were able to take up N from the various depths
without competition against leaching (non-leached soil conditions), and (ii) plants competed
for available soil N with drainage water (leached soil conditions).

The water was applied to the lysimeters with a hand held irrigation nozzle connected to a
submersible pump and a run timer (Plate 5.4). At the beginning of the trial, calibration
measurements were made to determine the pumping rate per minute, therefore ensuring
the correct rates were applied. Applications were made to a weekly target rate which was
derived from data collected from eight soil moisture probes, estimated evapotranspiration
rates, and average weekly Canterbury rainfall data from the NIWA Broadfield Weather
Station.
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Plate 5.4

The application of water to the lysimeters.

5.2.3 Growth chamber and climatic conditions
The experiment was conducted in a Conviron BDW120 plant growth room. The lighting
system consisted of 48 400 watt metal halide bulbs (Venture Ltd) in combination with 48
100 watt incandescent bulbs (Phillips soft tone, soft white) mounted above a perspex barrier
2.4 m above floor level. For the majority of the experiment, 30 metal halides were used with
48 incandescents (450 µmol m-2 s-1 at plant canopy height) to simulate winter light
intensities. For the later part of the experiment, full lighting was used (730 µmol m-2 s-1 at
plant canopy height) to simulate spring/summer light intensities. The air temperature was
controlled and adjusted on a weekly basis to simulate changing conditions between the
months of May and September and were set to replicate realistic diurnal patterns (example
given in Figure 5.1). A top-down airflow pattern with sufficient outdoor air was maintained
to sustain ambient CO2 conditions within the room. Daytime relative humidity was
maintained at 70% (± 3%), and night time humidity at 80% (± 3%).
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Figure 5.1

An example of the distribution of air temperature within the growth room
over a 24 hour period.

5.2.4 Lysimeter measurements
Drainage water measurements
Drainage water was collected from the ‘leached’ lysimeters on a fortnightly basis
following

15

N injection treatments. This involved measuring the volume of drainage water,

and taking a 100 ml sample for NO3- concentration analysis. Collections were carried out for
five months (Plate 5.5).

Drainage water samples were then analysed by flow injection analysis (FIA) for NO 3concentration (Gal, et al., 2004) by Analytical Services at Lincoln University, Canterbury
(refer to Appendix C.1.1). From the analyses, NO3- leaching from each lysimeter treatment
was determined.

15

Nitrate-N in the leachate was recovered by the diffusion method described by Brooks,

et al. (1989) and samples were then analysed on an isotope ratio mass spectrometer (Europa
Scientific, UK; Appendix C.1.3). This allowed the calculation of the percentage of injected 15N
in the leachate as NO3--N using the formula given by Cabrera and Kissel (1989) (Equation 5143

1). Comparisons between treatments were then made. The equation used to calculate the
recovery was:

N recovered = 100pw(cw – b)/f(a – b)
Equation 5-1
where pw = moles of N in the drainage water, f = moles of N in the injected urea solution, cw
= atom % 15N abundance in the drainage water, a = atom % 15N in the urea solution, and b =
atom %

15

N abundance of drainage water from unfertilised soil. For samples with NO3-

concentrations too low for detection by the mass spectrometer, no diffusion or 15N analyses
was undertaken. This resulted in some treatments having fewer than three replicates in
terms of recovery of 15N enrichment. To ensure 15N recovery was not over-estimated, these
un-diffused replicates must still be accounted for in the final recovery. This was approached
in either of two ways. The first was to calculate average recovered

15

diffused samples of the same treatment and use this value to estimate

N enrichment from
15

N recovery (in all

cases the recovery was not notably greater than zero). The second approach was to assume
a 15N enrichment of zero for all those non-diffused samples, which did not make a difference
to the final result, due to the considerably low NO3- concentration. It was therefore decided
to assume a

15

N recovered enrichment of zero to reduce error and prevent an over-

estimatation of the enrichment.

Plate 5.5

The collection and sampling process of drainage water.
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Herbage measurements
The herbage in each lysimeter was cut at days 26, 78, 119 and 146 following

15

N

injections. Cuts were made using electric hand shears, and all lysimeters were harvested to a
standard height of approximately 5 cm (1500 kg DM ha-1 residual).

Herbage wet and dry weights were obtained for each lysimeter and these measurements
were used to calculate dry matter production. Samples were then dried, finely ground and
analysed for
amount of

15

15

N content by an isotope ratio mass spectrometer (Appendix C.2.2). The

N recovered was calculated using the formula given by Cabrera and Kissel

(1989) (Equation 5-2). The recovery of the urea-15N is then expressed as a percentage of the
total amount of

15

N which was injected at the beginning of the experiment. The equation

used to calculate the recovery was:

N recovered = 100pp(cp – b)/f(a – b)
Equation 5-2
where pp = moles of N in plant material, f = moles of N in the injected urea solution, cp =
atom % 15N abundance in the plant, a = atom % 15N in the urea solution, and b = atom % 15N
abundance of plants grown in unfertilised soil.

Soil moisture and temperature measurements
Eight moisture probes and eight temperature sensors were inserted into allocated
lysimeters shortly after treatment injections (Plate 5.6). The sensors were randomly
allocated to the lysimeters as per Table 5.2.
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Table 5.2

Allocation of soil temperature and moisture sensors to the lysimeters.

Pasture type

Soil conditions

Lysimeter #

Temperature and moisture
sensor #

It. ryegrass WC

Leached

4

1

It. ryegrass WC

Leached

25

2

T. fescue WC

Leached

18

6

T. fescue WC

Leached

33

7

It. ryegrass WC

Non-leached

10

3

It. ryegrass WC

Non-leached

41

5

T. fescue WC

Non-leached

12

4

T. fescue WC

Non-leached

37

8

The temperature sensors used were 107 Campbell Scientific sensors, and the moisture
sensors were Campbell Scientific Water Content Reflectometers, CS615. The sensors were
set up to determine soil temperature and moisture data every 10 minutes, 24 hours per day.
The data was collected using a CR23X Campbell Scientific data logger.

Moisture probe

Plate 5.6

A soil moisture probe installed into the soil surface of a lysimeter.
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Pasture root distribution
At the end of the trial, selected lysimeters were destructively sampled for root
distribution analysis. The sampled treatments were numbers 3, 4, 5, 6, 9, 10, 11 and 12
(Table 5.1). This involved making vertical cuts down the lysimeter casing and removing the
cut pieces to expose the soil monolith (Plate 5.7). Soil samples of 100x100 mm width and
200 mm depth were then taken from each core between depths of 50-250, 250-450 and
450-650 mm (Plate 5.8).

The samples then went through the root cleaning machine to isolate the root structures
from the soil. Root samples were scanned and analysed for root distribution by the
computer software WinRHIZO (Reg V2009c; Regent Instruments Inc., Quebec City, Canada)
(Himmelbauer, et al., 2004).

The procedures for root washing and measuring root distribution have been previously
discussed in Section 4.2.4, and apply to this experiment also.

Plate 5.7

The cutting of the lysimeter casing to expose the soil monolith.
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(a)

(b)

Plate 5.8

The process of taking soil samples, where a) is the measuring and cutting of
the samples, and b) the final bagged soil samples from one lysimeter.
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5.2.5 Statistical analysis
Data sets were analysed through the computer programme GenStat (14th Edition, Lawes
Agricultural Trust). Statistics quoted in text are obtained using ANOVA (analysis of variance)
tables.
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5.3 Results
5.3.1 Climate data
Soil moisture data for the trial period is illustrated in Figure 5.2. Average weekly soil
moisture ranged from 32-40% in the leached treatments, and 27-34% in the non-leached
treatments. From the simulated week ending 12 June until 1 October, soil moisture varied by
up to 7 and 14% in the leached and non-leached treatments, respectively.

Soil temperature data is shown in Figure 5.3. Leached and non-leached treatments
appeared to have minimal effect on soil temperature with the largest differences showing in
the weekly minimum temperatures, where non-leached treatments were 0.2-0.5oC higher
than leached treatments between simulated weeks ending 26 June and 1 October. Average
weekly soil temperature was lowest during the week ending 26 June at 5.8 oC and steadily
rose to approximately 14oC by the week ending 1 October. Weekly minimum temperatures
were lowest during the week ending 26 June at approximately 2oC.
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Average weekly soil moisture (%) following 15N injections. Vertical bars
indicate the standard error of the mean (SEM).
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5.3.2 Herbage measurements
5.3.2.1 Herbage N uptake and 15N recovery
Total N uptake from leached and non-leached lysimeter treatments is illustrated in Figure
5.4. There was a significant (P < 0.01) main effect of pasture species on N uptake for both
leached and non-leached treatments and a highly significant (P < 0.001) main effect of
injection depth in the leached treatments.

Under leached soil conditions (Figure 5.4a), total N uptake decreased with increasing soil
injection depth from 186.6 to 69.8 kg N ha-1 for the It. ryegrass WC pasture species, and
161.2 to 59.5 kg N ha-1 for T. fescue WC. On average, It. ryegrass WC took up 18% more N
than T. fescue WC, and was significantly (P < 0.05) higher where N was injected at 250 mm
depth. Under non-leached soil conditions (Figure 5.4b), total N uptake was not affected by
injection depth for both pasture species, and ranged from 179.0 to 185.5 kg N ha -1 under It.
ryegrass WC, and 136.7 to 161.3 kg N ha-1 under T. fescue WC. Overall, total N uptake from
non-leached treatments was approximately 15% higher under It. ryegrass WC compared
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with T. fescue WC, and was significantly (P < 0.05) higher than T. fescue WC when N was
injected at 50 mm depth.

Total herbage

15

N recovery from all 12 lysimeter treatments is presented in Figure 5.5.

There was a significant (P < 0.01) and a highly significant (P < 0.001) main effect of pasture
species on

15

N recovery in the leached and non-leached treatments, respectively (Figure

5.5). In addition, injection depth of administered 15N had a highly significant (P < 0.001) and
significant (P < 0.05) main effect on

15

N recovery for the leached and non-leached

treatments, respectively (Figure 5.5a). It. ryegrass WC recovered a greater percentage of 15N
than T. fescue WC (16-44%) in all instances, and significant (P < 0.05) differences were
observed in the treatments where injections were made at 250 mm under leached
conditions and 50 and 450 mm under non-leached conditions.

The leached T. fescue WC pasture species with injections performed at 450 mm depth
recovered the smallest proportion of injected

15

N, while the non-leached It. ryegrass WC

pasture species with injections made at 250 mm depth recovered the greatest percentage of
15

N.
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Total N uptake (kg N ha
) following 15N injections at three depths (50, 240 and
450 mm) from (a) leached treatments, and (b) non-leached treatments.
Vertical bars indicate the standard error of the mean (SEM). Means with a
letter in common are not significantly different at the 5% level. LSD (P < 0.05)
calculated for six treatment means.
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Total herbage 15N recovery (%) following 15N injections at three depths (50,
240 and 450 mm) from (a) leached treatments, and (b) non-leached
treatments. Vertical bars indicate the standard error of the mean (SEM).
Means with a letter in common are not significantly different at the 5% level.
LSD (P < 0.05) calculated for six treatment means.
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5.3.2.2 Yield
Total dry matter production from all 12 treatments is presented in Figure 5.6. Pasture
species had a highly significant (P < 0.001) main effect on dry matter production. It. ryegrass
WC treatments produced 34-75% more dry matter than the respective T. fescue WC
treatments (P < 0.05). Dry matter production of It. ryegrass WC and T. fescue WC pasture
species was lowest under leached soil conditions of 450 mm depth injections (4.0 and 2.6 t
DM ha-1, respectively) and highest under non-leached soil conditions of 450 mm depth
injections (9.2 and 6.1 t DM ha-1, respectively).

Injection depth did not significantly affect yield for the It. ryegrass WC pasture species,
except at the 450 mm depth injection under leached conditions, where dry matter yield was
approximately 50% less (P < 0.05) than the two higher injection depths under the same
conditions. Similarly, yield of It. ryegrass WC was not significantly affected by leached and
non-leached conditions, except at an injection depth of 450 mm, where yield was 130%
greater (P < 0.05) under non-leached soil conditions.

The T. fescue WC pasture species showed greater sensitivity to injection depth than It.
ryegrass WC, particularly under leached soil conditions (Figure 5.6a). Where N was injected
at 50 mm depth, total yield was approximately 6 t DM ha-1, which was reduced by 17% at the
250 mm depth injection point and significantly (P < 0.05) by 57% at the 450 mm depth
injection point. There was no significant difference under non-leached soil conditions.
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Figure 5.6

Depth of N injection
(mm)
Total DM production (t DM
ha-1) following 15N injections at three depths (50,
240 and 450 mm) from (a) leached treatments, and (b) non-leached
treatments. Vertical bars indicate the standard error of the mean (SEM). LSD
(P < 0.05) calculated for 12 treatment means.

156

5.3.3 Leaching loss
Total drainage water collected from the lysimeters following injections of

15

N enriched

urea solution is illustrated in Figure 5.7. There was no main effect of pasture species on the
amount of drainage water. However, there was a significantly (P < 0.05) greater volume
(approx. 14%) of drainage water collected from the T. fescue WC treatment where 15N was
injected at the 250 mm depth. There was a highly significant (P < 0.001) main effect of
injection depth on the amount of drainage water. The largest volumes of drainage water
were collected beneath treatments receiving N at 450 mm depth, which were significantly
greater than drainage water volumes collected from the treatments receiving N at 50 and
250 mm depth. There was no significant difference between the 50 and 250 mm injection
depths. The treatment with the lowest volume of drainage water was beneath the It.
ryegrass WC pasture species following N injections at 250 mm depth.

Total NO3--N leaching losses (log10) from the six leached treatments are illustrated in
Figure 5.8. There was no significant difference between pasture species; however, there was
a highly significant (P < 0.001) linear and significant (P < 0.01) quadratic effect of N injection
depth on total NO3--N leaching losses (Table 5.3). The average total leaching loss where
injections were performed at 50 mm depth was 1.1 kg NO3--N ha-1, and increased to 43.5 and
90.0 kg N ha-1 at 250 and 450 mm injections depths, respectively (Table 5.3).

Similarly, there was no significant effect of pasture species on 15N recovery in the leachate
(log10), but a highly significant (P < 0.001) linear and significant (P < 0.01) quadratic effect of
15

N injection depth (Figure 5.9; Table 5.3). On average, 0.1% of injected 15N at 50 mm depth

was recovered in the leachate. This significantly (P < 0.05) increased to 4.1 and 8.6% at
injections depths of 250 and 450 mm, respectively (Table 5.3).
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Table 5.3

The effect of pasture species and injection depth on total nitrate-N leached
and 15N recovery in leachate. Means with a letter in common are not
significantly different at the 5% level.

Pasture
species

It. ryegrass WC

T. fescue WC

Injection
depth

50
250
450
50
250
450

Total nitrate-N leached
(kg NO3--N ha-1)
Log10
(mean)
-0.015
1.659
1.989
0.063
1.617
1.920
0.565
-

Backtransformed
mean
0.97b
45.60a
97.50a
1.16b
41.40a
83.18a
3.68

LSD (5%)
LSR (5%)
MAIN EFFECT MEANS
Injection depth (mm)
50
0.024
250
1.638
450
1.954
LSD (5%)
0.400
LSR (5%)
Pasture species
It. ryegrass WC
1.211
T. fescue WC
1.200
LSD (5%)
0.327
LSR (5%)
Significance of 3*2 factorial contrasts
Main effect of injection depth:
Linear (L)
***
Quadratic (Q)
**
Main effect of pasture species (P):
n.s.
Interaction contrasts:
L *P
n.s.
Q*P
n.s.
n.s. = not significant
* = P < 0.05; ** = P < 0.01; *** = P < 0.001
LSR = Least Significant Ratio

15

N recovery in leachate
(%)

-0.981
0.571
0.957
-0.732
0.647
0.909
0.520
-

Backtransformed
mean
0.10b
3.72a
9.06a
0.19b
4.44a
8.11a
3.31

1.06b
43.45a
89.95a
2.51

-0.856
0.609
0.933
0.368
-

0.14b
4.06a
8.57a
2.33

16.26a
15.85a
2.12

0.182
0.275
0.300
-

1.52a
1.88a
2.00

log10
(mean)

***
**
n.s.
n.s.
n.s.
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5.3.4 Root distribution
5.3.2.1 Root length density
The root length density (cm cm-3) of leached treatments at 50-250, 250-450 and 450-650
mm depth following injections of

15

N enriched urea solution at three depths (50, 250 and

450 mm) is shown in Figure 5.10. For all treatments root length density was highest at the
50-250 mm depth, ranging from 4.26 (It. ryegrass WC; Figure 5.10c) to 6.87 cm cm-3 (T.
fescue WC; Figure 5.10a). Root densities declined with increasing depth for both pasture
species and was lowest at the 450-650 mm depth, where root length density ranged from
0.13 (It. ryegrass WC; Figure 5.10b) to 1.56 cm cm-3 (T. fescue WC; Figure 5.10c). For all three
injection depths, the root length density of T. fescue WC at 450-650 mm depth was
significantly (P < 0.05) higher than It. ryegrass WC (Figure 5.10). Where 15N urea solution was
injected at the 450 mm depth, the difference in density between pasture species at 450-650
mm depth was the greatest, where root length density of T. fescue WC was 5-fold higher
than It. ryegrass WC. Root length density of T. fescue WC was also significantly (P < 0.05)
greater than It. ryegrass WC at 250-450 mm depth where injections were made at 50 mm
depth (Figure 5.10a).

The root length density of the non-leached treatments where 15N enriched urea solution
was injected at 450 mm depth is illustrated in Figure 5.11. Root densities were highest at the
50-250 mm depth, and lowest at the 450-650 mm depth. For the 50-250 and 250-450 mm
depths pasture species had a significant (P < 0.05) main effect on root length density and a
highly significant (P < 0.001) main effect at the 450-650 mm depth. At all depths, the root
densities of T. fescue WC pasture species was significantly (P < 0.05) higher than It. ryegrass
WC by 76-109% between 50 and 450 mm depth, and more than 3-fold higher at the 450-650
mm depth. Root densities of the non-leached treatments were 68-127% greater than the
leached treatments where 15N injections were made at a depth 450 mm.
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Root length densities (cm cm-3) of the leached lysimeter treatments at three
sampled depths following injections of 15N enriched urea solution at (a) 50
mm depth, (b) 250 mm depth, and (c) 450 mm depth. LSD (P < 0.05)
calculated for two treatment means at each depth separately.
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Figure 5.11

Root length densities (cm cm-3) of the non-leached lysimeter treatments at
three sampled depths following 450 mm depth injections of 15N enriched urea
solution. LSD (P < 0.05) calculated for two treatment means at each depth
separately.

5.3.2.2 Root surface area
The total surface area of recovered roots from the lysimeters at the end of the trial period
is illustrated in Figure 5.12. For the leached and non-leached treatments, there was a
significant (P < 0.01) main effect of pasture species on total surface area.

Of the leached treatments, total surface area ranged from 1761 cm2 (T. fescue WC; 50
mm N injection depth) to 794 cm2 (It. ryegrass WC; 450 mm N injection depth) (Figure 5.12).
Total surface area of T. fescue WC roots was significantly (P < 0.05) greater than It. ryegrass
WC roots where N solution was injected at 50 and 450 mm depths (85 and 110%,
respectively). Of the non-leached treatments, total surface area of recovered roots was
highest in the T. fescue WC treatments (2735 cm2), 152% greater than It. ryegrass WC (P <
0.05) (Figure 5.12).

A statistical comparison between the leached and non-leached treatments where 15N was
injected at a depth of 450 mm indicated that the root surface area of the T. fescue WC
pasture species was significantly (P < 0.05) different, whereby the total root surface area was
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64% greater in the non-leached treatment compared with the leached treatment (Figure
5.12).
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Injection depth (mm)

450
[Non-leached]

Total surface area (cm2) of recovered root material at the end of the trial
period. Vertical bars indicate the standard error of the mean (SEM). LSD (P <
0.05) of leached treatments is calculated for six treatment means, and
separately for two non-leached treatments.
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5.4 Discussion
This research project has found that there are notable differences between Italian
ryegrass and tall fescue pastures in terms of their effect on soil N uptake during the winter
period. The lysimeter and field trials (Chapters three and four) indicated that the It. ryegrass
WC pasture species was more effective at growing during the cool season compared with
other pasture species, and therefore showed lower nitrate leaching losses than T. fescue
WC. In the well-established field trial (2011/12; Chapter four), T. fescue WC had more roots
at greater depths than other pasture species; however, leaching losses were still significantly
higher than under It. ryegrass WC (Chapter three). Therefore, the lower nitrate leaching
losses beneath It. ryegrass WC were either because Italian ryegrass had a greater ability to
use soil N before it was leached below the ‘critical rooting zone,’ or that deep T. fescue WC
roots were not actively taking up as much soil N during this period. This 15N uptake trial has
investigated this gap in our knowledge and elucidated the processes relating to these
observations.

5.4.1 Plant uptake, yield, leaching and root architecture
Total N uptake and
15

15

N recovery of both pasture species showed similar trends at each

N injection depth under both soil conditions (i.e. leached and non-leached). Overall It.

ryegrass WC had a higher total N uptake than T. fescue WC, which agrees with the results
from the lysimeter trial (Chapter three, Figure 3.21). In addition,

15

N recovery was also

generally greater in the It. ryegrass WC pasture. Significant (P < 0.05) differences in total N
uptake and 15N recovery were seen in the 250 mm injection depth treatments under leached
conditions and the 50 mm depth under non-leached conditions, where It. ryegrass WC took
up 38-43 and 28-31% more total N and

15

N than T. fescue WC, respectively. Further,

15

N

recovery of It. ryegrass WC was significantly higher in the 450 mm N injection depth under
non-leached soil conditions. Given the ability of Italian ryegrass to produce higher yields
during the winter period (Kemp, et al., 2004), it was expected that N uptake and

15

N

recovery of It. ryegrass WC would be higher than T. fescue WC where injections were made
close to the soil surface. A recent study by Moir, et al. (2012a) indicated that total N uptake
by Italian ryegrass following N applications of 300 kg N ha-1 was 62-90% higher than tall
fescue (cv. ‘Advance’ and ‘Flecha’). Similarly, an experiment by Crush, et al. (2005) showed
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that the proportion of

15

N solution applied to the soil surface taken up by Italian ryegrass

plants was approximately double that of tall fescue plants.

Under leached soil conditions, there was no significant difference in proportion of

15

N

uptake between It. ryegrass WC and T. fescue WC pasture species where N injections were
made at the 450 mm depth, despite T. fescue WC containing significantly (P < 0.05) higher
root length densities than It. ryegrass WC. Under these conditions following N injections at
the 450 mm depth, It. ryegrass WC took up a total of 11.11 mg of

15

N, of which

approximately 17 m of root was present below the N injection point, giving an efficiency of
0.48 mg

15

N m-1 of root (Table 5.4). The T. fescue WC pasture species on the other hand

contained six times more roots than It. ryegrass WC and only took up 7.69 mg of 15N, giving
an efficiency of 0.09 mg 15N m-1 of root (P < 0.05) (Table 5.4). Furthermore, total 15N uptake
per unit of root material by It. ryegrass WC was more than twice that of T. fescue WC
following N injections at the 50 and 250 mm depths. This suggests that during the winter
period when plants are less active, It. ryegrass WC has a greater ability to explore N reserves
from 450 mm depth in the soil compared with the deeper rooting T. fescue WC pasture.
These results are in agreement with Crush, et al. (2005) who showed that Italian ryegrass
roots were more efficient than tall fescue roots at N uptake, and reported 15N uptake (mg g-1
root weight) of Italian ryegrass to be 10% higher than tall fescue following surface
applications of 15N solution in a warmer climate. Similarly, Popay and Crush (2010) reported
15

N uptake by Italian ryegrass to be 36% higher than that of perennial ryegrass, even though

total root length of Italian ryegrass was only 7% higher.

Under non-leached conditions, there was a significantly (P < 0.05) greater surface area of
T. fescue WC roots following injections made at 450 mm depth. Total surface area of T.
fescue WC roots was 2735 cm2, 152% greater than It. ryegrass WC roots. This being so, It.
ryegrass WC still took up a significantly (P < 0.05) greater proportion of

15

N (approx. 31%

more), and had an N uptake efficiency of 1.19 mg 15N m-1 root, compared with 0.18 mg 15N
m-1 root under T. fescue WC (P < 0.05) (Table 5.4).
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LSD (5%)
Nonleached
LSD (5%)

Leached

Soil
conditions

Table 5.4

It. ryegrass WC
T. fescue WC

Species
treatment

450
450

N injection
depth
(mm)
It. ryegrass WC
50
250
450
T. fescue WC
50
250
450
43.74
33.30

N
recovery
(%)
38.26
39.87
13.09
32.57
27.86
9.06

15

37.14
28.27

Total 15N
uptake
(mg)
32.48
33.85
11.11
27.65
23.65
7.69
37.55
166.74

Total root
length
(m)
335.91
129.45
16.55
567.57
227.97
99.28

0.10bc
0.34ac
0.48a
0.05b
0.11bc
0.09bc
0.25
1.19a
0.18b
0.60

Uptake efficiency
(mg 15N m-1 root)

The effect of pasture species and 15N injection depth on 15N recovery (%), total 15N
uptake(mg), total root length (m) and uptake efficiency (mg 15N m-1 root) below each
injection point. Means with a letter in common are not significantly different at the 5%
level. LSD (P < 0.05) of leached treatments is calculated for six treatment means, and
separately for two non-leached treatments.

Total dry matter yields of the leached treatments where 15N was injected at 50 mm depth
were comparable to those for a similar period in the lysimeter and field trials (Chapters
three and four), with It. ryegrass WC yields significantly (P < 0.05) higher than T. fescue WC.
The 33% higher yield in It. ryegrass WC is attributed to higher total N uptake compared with
that of T. fescue WC. Other studies have also shown that Italian ryegrass can produce
considerably higher yields than other perennial species (Crush, et al., 2005; Moir, et al.,
2012a; Opitz von Boberfeld and Elles, 1990; Popay and Crush, 2010; Ridley and Simpson,
1994).

This work also supports a recent study by Pirhofer-Walzl, et al. (2010), investigating the N
uptake of shallow- versus deep-rooted plants in a multi-species and monoculture grassland
using a 15N tracer placed at three soil depths (40, 80 and 120 cm). They concluded that deeprooted species (e.g. M. sativa and C. intybus) are not more efficient in N uptake in deep soil
layers, and do not add a ‘deepness’ function to communities with shallow roots. Other
authors have hypothesised that legumes present in the pasture sward can supply additional
atmospheric N to the plant, therefore reducing the requirement for deep-rooted species to
explore N resources in deeper soil layers (Rasmussen, et al., 2007; von Felten, et al., 2009);
however, the activity of clovers during the winter period within a urine patch area is likely to
be minimal and therefore supply only a relatively small amount of N to the plant. It is
therefore the winter activity of the pasture species that appears to be critical rather than
depth of rooting.

5.4.2 Effect of 15N injection depth
For the leached lysimeter treatments, N uptake,

15

N recovery and yield was significantly

lower following N injections at 450 mm depth compared with injections at 50 mm depth
(Figures 5.4a, 5.5a and 5.6a). This is attributed to the larger volume of drainage water
(Figure 5.7), leading to higher leaching losses (Figures 5.8 and 5.9). Further, plant growth was
restricted as a result of lower available N. Consequently, plants were likely to have
transpired a smaller volume of water, leading to greater amounts of drainage and nitrate
leaching losses. Where N injections were made at 250 mm depth, dry matter yield and

15

N

uptake were not statistically different from those of 50 mm depth injections. However,
nitrate leaching losses were significantly higher in the 250 mm depth injection treatments
compared with the 50 mm depth injections. These higher nitrate leaching losses at 250 mm
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depth are because nitrate had a relatively smaller distant to travel down through the soil
profile before leaching out of the lysimeter, and yet, there must have been sufficient N
reserves in the soil that has enabled yield to not be affected.

For the non-leached treatments, injection depth had no effect on dry matter yield, total N
uptake and 15N recovery for nearly all treatments, indicating that both pasture species were
able to extract N from all depths within the lysimeter profile when there was no competition
with drainage water. At harvest one following the commencement of the trial, there was an
obvious effect of N injection depth on dry matter yield, where yields were highest in the
treatments receiving N at 50 mm depth, and lowest where N was injected at the 450 mm
depth. However, in subsequent harvests, dry matter yields from the treatments with the
deep N injections continually increased until total dry matter yields were similar to other
treatments, suggesting that both It. ryegrass WC and T. fescue WC pasture species had the
ability to draw on N reserves lower in the soil profile. Root length densities between 450 and
650 mm depth of the 450 mm depth injections were 69 and 125% greater than the
equivalent leached treatments for T. fescue WC and It. ryegrass WC, respectively. This shows
that It. ryegrass WC in particular enhanced its root system to greater depths to draw on the
abundant supply of N. Interestingly, the total root surface area of T. fescue WC was 152%
higher than It. ryegrass WC (Figure 5.12), yet 15N recovery was significantly (P < 0.05) lower
than that of It. ryegrass WC (Figure 5.5b).

The only statistical differences observed within the non-leached treatments in terms of
the effect of 15N injection depth, was the 15N recovery by the T. fescue WC pasture species
treatments following N injections at 50 mm depth, where 15N recovery was significantly (P <
0.05) less than those at 250 mm depth. This is possibly because of greater immobilisation of
15

N within the higher organic content layer of the soil (i.e. Ah horizon), or because of greater

quantities of

15

N gases diffused into the atmosphere in the 50 mm injection depth

treatment.

Nitrate leaching losses following N injections close to the soil surface were notably lower
than those observed in Chapter three, and in various other nitrate leaching studies (Di and
Cameron, 2002b; 2004c; 2005; 2007; Di, et al., 2002; Menneer, et al., 2008a; 2008b;
Sprosen, et al., 2009). This is attributed to the lower rate of N used (300 kg N ha-1 cf. 1000 kg
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N ha-1 used in Chapter three) which more closely matched plant N demand and therefore
reduced the amount of N susceptible to leaching. Moir, et al. (2012a) found that nitrate
leaching losses were substantially higher following N applications of 700 kg N ha -1 compared
with those at 300 kg N ha-1. Moir, et al. (2012a) also reported nitrate leaching losses beneath
Italian ryegrass to be similar as those found in this trial, but were notably higher beneath tall
fescue at 82 kg NO3--N ha-1 following N applications of 300 kg N ha-1. This is likely to be
because of significantly lower dry matter yields of tall fescue treatments and greater rates of
mineralisation given the experiment was carried out under glasshouse conditions. Further, a
study by Moir, et al. (2010) quantified the nitrate leaching losses beneath a sheep urine
patch (N loading rate of 300 kg N ha-1) and found leaching losses to be notably higher than
those observed in this trial. These may also be attributed to seasonal effects. There were no
statistical differences in nitrate leaching loss between pasture species, which again is likely
because of the lower rates of administered N.

Injection depth of the

15

N solution was shown to have a highly significant (P < 0.001)

linear and significant (P < 0.01) quadratic effect on total nitrate leaching losses and

15

N

recovery in the leachate (Figures 5.8 and 5.9). However, there was no statistical difference
observed between injection depths of 250 and 450 mm, indicating that nitrate is highly
susceptible to leaching when it is below a soil depth between 50 and 250 mm. When nitrate
travels beyond this point and/or into the subsoil, there is a large reduction in the presence of
plant roots that are able to take up the nitrate. Haynes and Williams (1993) suggested that
nutrients that have moved below 15 cm by macropore flow are likely to be subsequently
leached to lower soil depths by percolating drainage water.

5.4.3 Relationship with Chapters three and four
The results of this research strongly support the findings in Chapters three and four of this
thesis. Data from Chapter three show that in both years, nitrate leaching losses beneath It.
ryegrass WC were significantly lower than all other pasture species, particularly T. fescue WC
(Figure 3.12). They indicate that although T. fescue WC root systems are deeper rooting
(Figures 4.1b, 5.10 and 5.11) than the other pasture species studied (e.g. It. ryegrass WC), its
low growth rate during winter/early spring indicates that the deep roots are playing a
relatively unimportant role during this period. In this scenario, the finer root structures of
Italian ryegrass are more actively taking up N compared with other pasture species (e.g. tall
170

fescue), even at deeper soil depths. Furthermore, it is possible that It. ryegrass WC is able to
capture soil N before it is passes beyond the critical point at which it becomes highly
susceptible to leaching, due to its higher winter growth. Studies by Dunbabin, et al. (2003)
and Crush, et al. (2005) support these findings and the authors reported that fine root
systems (e.g. Italian ryegrass) have greater potential at capturing more N per unit of root
weight, and so decreasing potential nitrate leaching loss.

The detailed root analyses in Chapter four indicated that a greater root length density
does not necessarily increase N uptake during winter. This

15

N uptake trial confirms these

findings, and shows that a greater root length density does not inevitably increase N uptake
during the winter period. Here, total root length density across all treatments of It. ryegrass
WC under leached soil conditions was on average 30% less than T. fescue WC; however, total
N uptake and

15

N recovery was 24 and 34% higher than T. fescue WC, respectively. This

suggests that to minimise nitrate leaching losses from grazed pasture systems, research into
pasture species with greater winter activity is more important than focusing on species with
specific root architectures (e.g. deep roots).

It is plausible to assume there may be a positive effect of winter active pasture species
that contain deep root systems. This would likely capture significant amounts of N before it
is leached beyond the critical rooting zone, but also have an added ability to take up
substantial amounts of N at deep soil depths. A study by Stewart (2001) showed that after N
applications of 100, 300, 600 kg N ha-1 yr-1, winter active phalaris (which has a deep root
system) leached significantly less nitrate than perennial ryegrass. Although phalaris is not
likely to be a species that can be used in intensively grazed pasture systems, it does suggest
that there might be a synergistic effect of winter activity and deep roots in reducing nitrate
leaching losses. Growing Mediterranean tall fescue (a species considered to have higher
winter activity than Continental tall fescue) may be a viable option; however, recent studies
have indicated that this species is not suitable in an intensively grazed pasture system (e.g.
dairy systems) due to poor yields during the late spring/summer period (Minnee, et al.,
2010). Further, Moir, et al. (2012a) found that nitrate leaching losses beneath the
Mediterranean tall fescue cultivar ‘Flecha’ were not significantly lower than the Continental
cultivar ‘Advance’ following N application of 0, 300 and 700 kg N ha-1. In fact, the ‘Flecha’
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cultivar leached approximately 31% more total N than the ‘Advance’ cultivar when N was
applied at 700 kg N ha-1.
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5.5 Conclusions
The main conclusions drawn for this research trial are:



It. ryegrass WC pasture species took up 31-38% more N compared with T. fescue WC
following injection of 15N enriched urea solution at 50 and 250 mm depth.



It. ryegrass WC pasture species recovered 28-43% more 15N compared with T. fescue
WC following 15N injections at 50 and 250 mm depth.



Pasture species had a highly significant (P < 0.001) main effect on total dry matter
production:
-

Under leached soil conditions, dry matter production of It. ryegrass WC pasture
species was significantly (P < 0.05) higher (by 34-75%) than T. fescue WC
regardless of N injection depth.

-

Under non-leached soil conditions, It. ryegrass WC pasture species yielded 3475% more DM than T. fescue WC (P < 0.05).



Under leached soil conditions, yield, total N uptake and

15

N recovery was significantly

(P < 0.05) lower following N injections at 450 mm depth, compared with injections at
50 and 250 mm depth. However, these were not affected by injection depth under
non-leached soil conditions.



The amount of drainage water was not affected by pasture species; however, there
was a significantly (P < 0.05) greater volume of drainage water (23-40%) collected from
treatments receiving 15N injections at 450 mm depth.



15

N injection depth had a highly significant (P < 0.001) main effect on nitrate leaching

losses. Leaching losses following 15N injections made at 250 and 450 mm depth were
significantly (P < 0.05) greater than those at 50 mm depth.
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This trial strongly supports the results observed in Chapters three and four, that
regardless of root depth, pasture species with high winter growth rates (e.g. Italian
ryegrass) are more able to take up soil N, and thus, reduce nitrate leaching losses,
compared with other less winter active species (e.g. tall fescue).
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Chapter 6
GENERAL CONCLUSIONS, FINAL RECOMMENDATION AND
SUGGESTIONS FOR FUTURE RESEARCH
6.1 Conclusions
The main conclusions drawn from this PhD research project are:



Pasture species has a significant effect on nitrate leaching losses from autumn
deposited cow urine patches.
-

Nitrate leaching losses beneath the It. ryegrass WC pasture species were 2454% less (P < 0.05) than all other pasture species (P. ryegrass WC, T. fescue WC
and Diverse).

-

Nitrate leaching losses were 44-116% higher beneath the T. fescue WC pasture
species compared with other species during the first year lysimeter trial.



The nitrification inhibitor, DCD, significantly (P < 0.05) reduced nitrate leaching losses
by up to 41% when applied to the various pasture species.



Total dry matter yield and N uptake was highest in the It. ryegrass WC pasture species
treatments in the first year lysimeter trial, up to 58 and 74% higher than the other
pasture species, respectively.



T. fescue WC was slow to establish its root system and did not contain more roots at
depth than other pasture species during the first year trial. In year two, T. fescue WC
contained a significantly (P < 0.05) higher root length density at greater depths than
other pasture species.



Overall, It. ryegrass WC produced greater dry matter yields during the winter period
than all other pasture species. In addition, it had an ability to take up N from
throughout the soil profile.
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-

Under leached soil conditions (Chapter five), It. ryegrass WC recovered 17, 43
and 44% more 15N than T. fescue WC from 15N injected at 50, 250 and 450 mm
depth, respectively.

-

Root length density of T. fescue WC was 11-69% greater than It. ryegrass WC in
all the 15N treatments, but they were less active than It. ryegrass WC roots.



Nitrate leaching losses and dry matter production of the Diverse pasture species
treatments were not significantly different from P. ryegrass WC.



Pasture species with high winter growth rates (e.g. Italian ryegrass) can reduce nitrate
leaching losses, compared with other less winter-active species (e.g. tall fescue)
because of their ability to take up soil N during the winter period.



Italian ryegrass pastures are a viable mitigation option for intensively grazed pasture
systems to reduce nitrate leaching losses during the winter period.
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6.2 Final recommendation
This research project has found that under intensively grazed pasture systems, Italian
ryegrass is a viable alternative pasture species to perennial ryegrass pastures as a mitigation
option to reduce nitrate leaching losses. Growing Italian ryegrass pastures and applying the
nitrification inhibitor, DCD, is likely to have significant benefits by reducing leaching losses. In
addition, high winter activity can have other associated benefits to the farming system as a
whole, whereby dry matter targets during crucial times (e.g. late winter/early spring) are
more easily met.

There are obvious additional costs with growing short rotation pastures (e.g. Italian
ryegrass), given that pastures are less persistent than perennial pastures and will require
renewing more frequently. Cultivation during this renewing process can also have adverse
effects on the environment by initiating mineralisation which may increase nitrate leaching
losses. However, direct drilling of Italian ryegrass is likely to be a more suitable option to
minimise this risk, which will not only reduce the mineralisation rates, but will be a more
cost effective approach.

Italian ryegrass pastures are already used to some degree in New Zealand because of
their high palatability and winter growth. Therefore, it is recommended that strategic use of
these pastures should be increased in grazed pasture systems because of their potential
environmental and economic benefits.
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6.3 Suggestions for future research
This research project has highlighted the following key areas for future research:



The research found that winter activity/growth is a significant driving factor behind
lower leaching losses. Although deep roots of Continental tall fescue have been shown
to be relatively unimportant during this period of the year, alternative winter active
pasture species with a deep rooting system may have synergistic effects on reducing
nitrate leaching losses and should be considered. Through various plant breeding
techniques and strategic genetic selection, it may be possible to develop species with
these characteristics.



Further research into quantifying the effect of different pasture species on nitrate
leaching losses at other times of the year is also required. This would enable more
precise calculations to be made to up-scale the effects of pasture species to a wholefarm system.



The effect of age of herbage on nitrate leaching losses is another area of uncertainty.
In this trial there were notably higher leaching losses for three of the pasture species in
the second year trial compared to the newly-established first year trial. Although this
may be because of seasonal variation between years, further research is required to
understand if age of pasture species is a significant factor. To eliminate the seasonal
variation factor it would be necessary to investigate a range of different aged pastures
in one nitrate leaching experiment.



There is also potential for research and strategic plant breeding of various perennial
ryegrass cultivars to reduce nitrate leaching losses. For example, some Spanish
genotypes are typical of greater cool season activity, and therefore by the introduction
and development of these genes into existing perennial ryegrass cultivars there may
be a reduction in nitrate leaching losses through greater winter yields and N uptake
rates.
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The strategic use of the plant growth hormone Gibberellic acid to increase dry matter
yields during the winter period and reduce nitrate leaching losses is also an area for
research. The application of Gibberellic acid to grazed pasture has been shown to
markedly increase dry matter yields, particularly in late autumn and early spring when
soil temperatures are low (Matthew, et al., 2009), and therefore there may be an
additional effect on nitrate leaching losses.



Many plant species contain bacteria that account for a significant proportion of the
total genetic makeup (Ikeda, et al., 2006). The significance of these bacteria is poorly
understood and it is possible that some N is extracted from the soil by these bacteria,
reducing nitrate leaching losses. Further research into the role of these bacteria is
required.



Additional to the effect of root architecture on nitrate leaching, there is an opportunity
to study root metabolic activity and examine the role it might play in grazed pasture
systems to influence N uptake dynamics and effectively nitrate leaching.



There is scope for further research in other areas of New Zealand with different soil
types and climatic conditions. For example, areas with higher soil temperatures during
the winter period (e.g. Waikato) may increase or lower the effect of pasture species
compositions on nitrate leaching losses.
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Appendix A
Soil map
Figure A.1 shows the soils of the Lincoln University Research Dairy Farm (LURDF), the

Figure A.1

Soil map of the Lincoln University Research Dairy Farm.

locations where the lysimeters were collected and the root distribution trial site.
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Appendix B
Soil data
A profile of the Templeton fine sandy loam soil used in in this study is shown in Plate B.1.
The classification of this soil is an Immature Pallic soil. These soils have characteristic pale
coloured subsoil, due to low iron oxides content. They have relatively weak structure and
high density in subsurface horizons and tend to be summer dry and wet during winter
months. Pallic soils are predominantly found in seasonally dry eastern pasts of the North and
South Islands, and in the Manawatu. The parent materials are commonly loess derived from
schist or greywacke and cover approximately 12% of New Zealand.

The soil textures at 50 mm increments down to a depth of 700 mm are given in Table B.1.
These samples were taken from the collection site of the first lysimeter experiment. The top
100 mm of soil are defined as sandy loam, followed by loamy sand down to 550 mm depth,
overlaying sand.

Table B.2 shows initial soil test data from corresponding areas of the trials, sampled in
September 2009.
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Plate B.1

Soil profile of Templeton fine sandy loam at Lincoln University Research Dairy
Farm.
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Templeton soil profile description at LURDF (Adapted from Fraser, 1992)

Ap 0-7 cm

2.5Y 3/1 brownish black; slightly sticky; fine sandy loam; slightly
plastic; firm. Moderately developed, medium nutty and moderate fine
nutty. Boundary indistinct.

Ah2 7-27 cm

10YR 4/2; greyish yellow brown; strongly developed; fine nutty
structure; friable; slightly sticky; fine sandy loam. Boundary distinct.

AB 27-36 cm

2.5Y 6/4 and also 10YR 4/2 (50% : 50% greyish yellow brown colour
and dull yellow); common 2-5 mm pores; worm mixing; strongly
developed medium and fine nutty; fine sandy loam. Boundary
indistinct.

Bw 36-48 cm

2.5Y 6/4 dull yellow (75%) and 10YR 3/1 brownish black (25%);
moderate medium blocky structure; firm; macropores. Boundary
diffuse.

2BC 48-91 cm

2.5 5/6 yellowish brown; very friable; loamy sand; Few fine indistinct
7.5YR bright brown 5/6 mottles; Very few indistinct 10YR 7/1 mottles;
light grey towards depth (unweathered sand). Single grain – not
structured. Boundary distinct.

3BC1b 91-95 cm

7.5YR 5/4 (dull brown) friable; loamy sand. Boundary distinct.

3BC2b 95-102 cm

Weakly developed fine blocky structure; very friable; 2.5Y 4/4 olive
brown; loamy sand. Boundary indistinct.

3Cg 102-120 cm

2.5Y 4/3 olive brown; loose; single grain; sand.
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Table B.1

Soil texture at various soil depths.

Depth (mm)

Mean % Claya

Mean % Silta

Mean % Sanda

Textureb

74.47
75.52
76.03
79.30
80.33
76.02
77.11
79.90
81.43
81.26
87.91
92.44
92.54
92.96

Sandy loam
Sandy loam
Loamy sand
Loamy sand
Loamy sand
Loamy sand
Loamy sand
Loamy sand
Loamy sand
Loamy sand
Loamy sand
Sand
Sand
Sand

0-50
4.56
20.98
50-100
4.45
20.03
100-150
4.26
19.71
150-200
3.74
16.96
200-250
3.43
16.25
250-300
4.16
19.82
300-350
3.91
18.98
350-400
2.94
17.16
400-450
2.64
15.93
450-500
2.45
16.29
500-550
1.53
10.56
550-600
0.84
6.73
600-650
0.93
5.54
650-700
0.86
6.18
a
ISSS Particle Size Classification Scheme
b
Fundamentals of Soil Physics (Hillel, 1980)

Table B.2

Initial soil fertility at (i) the 2010 lysimeter collection site, and (ii) the 2011
root distribution trial site and lysimeter collection site.

Olsen P
-1
µg mL

Sulphate–
S
-1
µg g

Ext. Org.
S
-1
µg g

Sample
area

pH

(i)

5.8

26

11

(ii)

6.0

27

6

Anaerobic
Mineralisable N
-1
kg ha

Exchangeable cations
Ca QT
Units

Mg QT
Units

K QT
Units

Na QT
Units

3

8

8

5

5

58

3

8

12

7

9

129
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Appendix C
Methods of analysis
C.1

Leachate

C.1.1 Nitrate-N
Nitrate-N concentrations in leachate samples were analysed by Flow Injection Analysis
(FIA) (Gal, et al., 2004). The analyser was a FOSS FIAstar 5000 triple channel analyser with
SoFIA software version 1.30.

Nitrate-N was analysed by initial reduction of nitrate-N to nitrite-N using a cadmium
reduction coil (OTCR – open tubular cadmium reactor). The nitrite-N was then reacted with
sulphanilamide/NED to form an azo dye compound. The intensity of this compound is
determined spectrophotometrically at 540 nm. Adapted from FOSS Application Note AN
5206; FOSS Tecator AB, Hoganas, Sweden.

C.1.2 Dicyandiamide (DCD)
Dicyandiamide concentration in leachate samples was determined by HPLC, on a
Shimadzu series 10 HPLC using a cation-H guard column (30 × 4.6 mm) with a 0.025M H2SO4
mobile phase at a flow rate of 0.6 ml/min by UV detection at 210 nm.

C.1.3

15

Nitrogen

Preparation/diffusion of leachate samples
All samples with a nitrate-N concentration greater than 0.5mg L-1 (determined by FIA)
were diffused following procedures outlined in Brooks, et al. (1989) in preparation for

15

N

analysis by a mass spectrometer. The volume of leachate sample diffused varied depending
on nitrate-N concentration, so that the concentration was within the detectable band (25-50
mg L-1).
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15

Nitrogen analysis
15

Nitrogen enrichment in diffused leachate samples was analysed by a mass

spectrometer. The analyser was a continuous flow isotope mass spectrometer, enabling
measurement of stable isotopes at both enriched and natural abundance levels. The
instrument was manufactured by Sercon Ltd, Crewe, CWI6ZA, UK.

Solid samples were initially combusted at 1000oC in an oxygen atmosphere in an
automated Dumas-style elemental analyser which was linked to a 20-20 stable isotope ratio
mass spectrometer.

C.2

Herbage

C.2.1 Total nitrogen
Total nitrogen of dry pasture samples was analysed using an Elementar Vario-Max CN
Elemental Analyser; Elementar GmbH, Hanau, Germany.

The sample was combusted at 900oC in an oxygen atmosphere. The combustion process
converts any elemental nitrogen into N2 and NOx. NOx are subsequently reduced to N2 so
that all N present in the sample is in N2 form. These gases are then passed through a TC
(thermal conductivity) cell to determine the total amount of N 2.

C.2.2

15

Nitrogen

Herbage samples were analysed for 15nitrogen using the same methodology as described
in section C.1.3
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Appendix D
Rainfall & irrigation system
The irrigation programme used in this experiment was set up to simulate actual rainfall
and irrigation events, particularly in terms of application frequency, intensity and rate. The
programme generated sufficient drainage water during the winter/spring period to achieve a
complete nitrate breakthrough curve.

Programme description
The system operates on predefined daily climate parameters derived from data collected
by the NIWA Broadfield Weather Station, Canterbury, New Zealand (latitude 43.63° south,
longitude 172.47° east). Daily average rainfall and evapotranspiration data to the 75th
percentile between 1975 and 1998/99 are used as a basis for climate prediction, and around
which the programme operates. The system was calibrated to apply water at a rate of 1000
ml per minute in 0.5 mm bursts (Carrick, et al., 2010).

Key definitions:
Climate value:

The daily seasonal requirement of water based upon previous
climate data to the 75th percentile (rainfall and
evapotranspiration) and leachate generation (Figure D.1;
yellow line).

Climate accumulation line:

The main reference line that is derived from accumulating daily
climate values.

Target line:

A line that randomly tracks within plus or minus 20 mm of the
climate accumulation line to create variability and randomness
around a constant reference. NB: This only occurs under
rainfall simulation mode.

Tally:

Accumulation of rainfall, simulated rain and irrigation.

Application:

Amount of water to be applied by the system (mm).
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Rainfall simulation mode (April to September)
At 0 hours each day, the programme determines new climate accumulation and target
values. The new climate accumulation value is calculated by the addition of the previous
day’s climate accumulation value and the current climate value shown in Figure D.1. The
new target is the addition of the climate value and previous target.

When the tally is less than or equal to the target, a new target is created by a random
number generator, within the defined boundaries of the climate line. This new target may be
below or above the tally. If the new target is less than the tally, no water is applied, and the
system repeats the first operation each day until the condition of positive application is
created. If the new target is greater than the tally then the difference between the target
and tally will be applied as simulated rain.

Figure D.2 illustrates the random nature of a) the target line around the climate
accumulation line, and b) the event of simulated rain application. The concept of a randomly
fluctuating target is to bring variability into the system which is a characteristic of an actual
climate, and therefore no one season is replicated in the exact same way. The blue bars on
the graph indicate randomly generated application amounts.

The application of simulated rain is performed by a randomly generated ‘pulse pattern,’
otherwise known as ‘random intensity.’ The rate of intensity (mm hr -1) is weighted towards
lower values, and the overall range of these possible values is weighted by the actual
amount to be applied. Lower application amounts equal lower intensity range rates; higher
application amounts equal higher possible range rates.

Irrigation mode (October to March)
The procedure for irrigation application is similar to that of the rainfall simulation
methodology, however, the amount, frequency and intensity is defined by user-set
variables. It uses the climate accumulation line as a reference point instead of the fluctuating
target line and therefore application trends are more linear. This is set to simulate irrigation
through a centre pivot.
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In this trial, the irrigation regime was comprised of applications every three days, with
single applications of 15 mm at an intensity of 20 mm per hour. In the event of rain, the time
interval between applications was extended in order to remain on track with the climate
accumulation line.

Figure D.3 illustrates actual data from the 2011/2012 trial during a proportion of time
when the system was in ‘irrigation mode.’ Unlike Figure D.2 where there is variability around
the target amount and frequency, Figure D.3 illustrates the consistent pattern of
applications when in ‘irrigation mode,’ which are typical of irrigation practice, and more
specifically that of a centre pivot. Also note that the target line (dotted red line) tracks the
exact same path of the climate accumulation line.

Exceptions
All applications halt for real rainfall events and defined environmental conditions (e.g.
wind speed greater than 3 m sec-1). For rainfall simulation, the amount of real rainfall is
deducted from the quantified application amount and added to the tally.

Further, the daily climate values (Figure D.1) are subject to real climate conditions, and
can be adjusted for either wet or dry years to achieve complete breakthrough curves.
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The model controlling the automatic simulated rainfall and irrigation programme.
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Rainfall, simulated rain, tally, climate accumulation and target of the
2011/2012 lysimeter trial under ‘rain simulation mode’ between July 2011
and September 2011.
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Rainfall, irrigation, tally, climate accumulation and target of the 2011/2012
lysimeter trial under ‘irrigation mode’ between November 2011 and January
2012.
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Appendix E
Trial plans
Lysimeter Trial 2010

Brendon Malcolm
18 Month Report
2011

Pump
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Figure E.1

P4 Urine only
(7:1)
P3 Urine+DCD
(6:1)
P1 Urine+DCD
(2:1)
P3 Urine only
(5:1)
P1 Urine+DCD
(2:2)
P2 Urine+DCD
(4:1)
P2 Urine only
(3:1)
P3 Urine only
(5:2)
P1 Urine only
(1:1)
P3 Urine+DCD
(6:2)
P2 Urine only
(3:2)
P1 Urine only
(1:2)
P4 Urine+DCD
(8:1)
P2 Urine only
(3:3)
P2 Urine+DCD
(4:2)
P4 Urine+DCD
(8:2)

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

P4 Urine+DCD
(8:3)
P4 Urine only
(7:2)
P2 Urine+DCD
(4:3)
P3 Urine+DCD
(6:3)
P1 Urine only
(1:3)
P2 Urine+DCD
(4:4)
P1 Urine+DCD
(2:3)
P4 Urine only
(7:3)
P4 Urine+DCD
(8:4)
P3 Urine+DCD
(6:4)
P1 Urine+DCD
(2:4)
P3 Urine only
(5:3)
P2 Urine only
(3:4)
P1 Urine only
(1:4)
P4 Urine only
(7:4)
P3 Urine only
(5:4)

N

Year one (2010/11) lysimeter trial plan and treatment structure.
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Trial Plan
Pump
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Figure E.2

P1 Urine+DCD
(2:1)
P2 Urine+DCD
(4:1)
P3 Urine only
(5:1)
P2 Urine+DCD
(4:2)
P4 Urine only
(7:1)
P2 Urine only
(3:1)
P4 Urine+DCD
(8:1)
P3 Urine+DCD
(6:1)
P4 Urine+DCD
(8:2)
P1 Urine only
(1:1)
P3 Urine only
(5:2)
P1 Urine only
(1:2)
P1 Urine only
(1:3)
P3 Urine+DCD
(6:2)
P4 Urine+DCD
(8:3)
P2 Urine only
(3:2)

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

P3 Urine+DCD
(6:3)
P2 Urine only
(3:3)
P4 Urine+DCD
(8:4)
P1 Urine+DCD
(2:2)
P4 Urine only
(7:2)
P2 Urine only
(3:4)
P1 Urine+DCD
(2:3)
P4 Urine only
(7:3)
P3 Urine+DCD
(6:4)
P4 Urine only
(7:4)
P3 Urine only
(5:3)
P2 Urine+DCD
(4:3)
P2 Urine+DCD
(4:4)
P1 Urine+DCD
(2:4)
P1 Urine only
(1:4)
P3 Urine only
(5:4)

N

Year two (2011/12) lysimeter trial plan and treatment structure.
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N

6m
Pasture 2

Pasture 2

Pasture 1

Pasture 3

Pasture 3

Pasture 4

Pasture 4

Pasture 1

2.1m

18.9m

Pasture 1

Travelling Irrigator

8.4m

2.1m

Pasture 4

Pasture 3

Pasture 2

Pasture 2

Pasture 1

Pasture 4

Pasture 3
3m

Figure E.3

Year one (2010/11) and year two (2011/12) field trial plan and treatment
structure, where Pasture 1 = P. ryegrass WC, Pasture 2 = T. fescue WC,
Pasture 3 = It. ryegrass WC and Pasture 4 = Diverse.
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