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ABSTRACT

Nutrient exports, in particular phosphorus, are a major problem for Gippsland and many

other regions of the world. This thesis investigates the export of phosphorus in overland

flow from pasture-based grazing systems in south-eastern Australia.

Initially, field-scale monitoring is used to investigate the forms of phosphorus in

overland flow with a view to identifying the primary mobilisation process. It is shown

that from a well-managed pasture, phosphorus was primarily mobilised as a result of

dissolution rather than physical detachment (erosion) processes. Phosphorus in the

overland flow is shown to be predominantly in the dissolved reactive form (DRP). It

follows that remedial strategies that rely on physically trapping phosphorus entrained in

overland flow (i.e. buffer strips and riparian zones) are unlikely to be effective.

The field-scale monitoring data are then used to investigate the structure of phosphorus

exports. It is shown that the data conforms to a base-plus-increments model. It is

proposed that phosphorus exports can be divided into a base or systematic component

that results from a particular land use management system, and an incremental or

incidental (preventable) component that is the result of particular management

decisions, activities or incidents. The major incidental (preventable) components of

phosphorus export are shown to be the timing of fertiliser applications and grazing in

relation to overland flow. For example, the half-life of the fertiliser is shown to be ca. 3

days. Specific management strategies are proposed aimed at reducing phosphorus

exports directly from fertilisers.

The properties of the two most common commercial fertilisers, di-ammonium

phosphate (DAP) and single superphosphate (SSP), are then investigated to determine if

the half-life of the fertiliser can be reduced by selection of appropriate compounds, first

through a laboratory study, and then through a field study. For border-check irrigation

systems it is highly likely that phosphorus exports can be reduced by the use of DAP

rather than SSP.
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The field study comparing the attributes of DAP and SSP is also used to investigate

techniques that may be used to trace phosphorus derived directly from fertilisers.

Strontium, and to a lesser extent cadmium, are shown to have limited value as tracers

for fertiliser P.

A similar technique for tracing organic sources of P using organic marker compounds

(biomarkers) is proposed and tested. A number of organic marker compounds

(biomarkers) derived from probable P sources are shown to exist in analytically

significant concentrations in overland flow. This suggests that biomarker technology

may be useful for identifying (fingerprinting) P sources and in so doing facilitate the

development of improved, pasture-based grazing systems.
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ABBREVIATIONS

ATP, Adenosine triphosphate

CSSP, Sulphur coated single

superphosphate

C, Carbon

DAP, Di-ammonium phosphate

DCP, Di-calcium phosphate

DCPA, Di-calcium phosphate

anhydrous

DCPD, Di-calcium phosphate

dihydrate

DF, Days since fertilising

DG, Days since grazing

DRP, Dissolved reactive phosphorus

DSP, Double superphosphate

EC, Electrical conductivity

ERF, Ellinbank Research Farm

GCFID, Gas chromatography with

flame ionisation detection

ICPES, Inductively coupled plasma -

emission spectroscopy

I.D., Internal diameter

LSD, Least significant difference

LSI, Least significant interval

MAP, Mono-ammonium phosphate

MCP, Mono-calcium phosphate

MRF, Macalister Research Farm

MTPS, Metastable triple-point solution

N, Nitrogen

NRP, Non-reactive phosphorus

OCP, Octacalcium phosphate

P, Phosphorus

SE, Standard error of parameter

estimates

SED, Standard error of difference

SSP, Single superphosphate

TDP, Total dissolved phosphorus

TDS, Total dissolved solids

TF, Total storm flow

TP, Total phosphorus

TPS, Triple point solution

TRP, Total reactive phosphorus

TS, Total solids

TPP, Total particulate phosphorus

TSP, Triple superphosphate
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CHAPTER 1 - Introduction

Eutrophication, the accumulation of nutrients such as nitrogen (N), phosphorus (P) and

carbon (C) in streams and water impoundments is a worldwide problem (Cooke et al.,

1993; USEPA, 1996; European Environment Agency, 1998). The adverse effects of

eutrophication include excessive growth of weeds and algae, and oxygen depletion that

results from their death and decomposition. These can restrict the use of key water

resources for fisheries and recreation, and as industrial and domestic water supplies. In

addition, eutrophication contributes to the recurring and often explosive growth of

cyanobacteria (also called blue-green algae) in reservoirs used for domestic water

storage. Such blooms cause fish kills, reduce the palatability of the water and lead to the

formation of trihalomethanes during water treatment (Kotak et al., 1993). In addition,

endotoxins, hepatotoxins and neurotoxins that are produced by some cyanobacteria can

kill domestic stock and pose a health risk to humans (Department of Natural Resources

and Environment, 1996).

Much of the eutrophication we now observe is the result of human activities that have

increased the rate of nutrient accumulation compared to pristine conditions (Carpenter

et al., 1998). Of the nutrients contributing to this accelerated or cultural eutrophication

(Department of Natural Resources and Environment, 1996) most attention has focused

on P. While C and N are also essential for the growth of aquatic organisms, access to

them is difficult to control in an aquatic environment where some organisms use

atmospheric sources (Sharpley and Rekolainen, 1997).

For many years Australia, like the rest of the world, has suffered the adverse impacts of

eutrophication. For example, in 1878 a toxic outbreak of Nodularia spumigena in Lake

Alexandrina in South Australia was recorded (Francis, 1878). Major blooms have since

occurred in all the mainland states and appear to have resulted in both human illnesses

and stock deaths (Department of Natural Resources and Environment, 1996). In late

1991 the Darling-Barwon system recorded what was at the time claimed to be the

largest riverine algal bloom in the world. Extending for 1000 km, the bloom is estimated

to have cost $1.3B AUS (Department of Water Resources, 1992). The effects of

eutrophication have also been severe in the Gippsland region of south-eastern Australia.
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In the period up to 1994, 47 blooms consisting mainly of potentially toxic Anabaena

and Microcystis were recorded (Department of Natural Resources and Environment,

1996).

The Gippsland region contains a number of major rivers and water impoundments

including the Tambo, Mitchell, Thomson and Latrobe rivers and an estuarine lakes

system of international significance (Figure 1), the Gippsland Lakes (Cottingham et al.,

1995). As early as last century algal blooms may have occurred in the Gippsland Lakes

(Chessman, 1990) and a single bloom in 1987/88 is estimated to have cost $6.5M AUS

in lost tourism, between $8.5M AUS and $25M AUS in total (Hallows, 1998).

Phosphorus from catchment sources contributes to eutrophication and the associated

algal blooms in the Gippsland Lakes (Webster et al., 2001).

Figure 1. A map of the Gippsland Lakes and associated river systems.
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Approximately 74% of P inflows to the Gippsland Lakes enter from the western

catchments (Figure 2) into Lake Wellington (Grayson et al., 2001). The major land uses

in the western catchment are:

mining, power generation and the associated urban centres, predominantly in the

Latrobe Valley;

irrigated dairying in the second largest irrigation area in Victoria, the Macalister

Irrigation District;

recreational, conservation and commercial forestry, especially in the upper

reaches of the Latrobe and Macalister Rivers; and

dryland dairying, beef and sheep production, especially along the Latrobe River.

Figure 2. A map of the river basins contributing to the Gippsland Lakes and
the research sites used to collect data for this thesis.

b

a

c

d
fe

EXPERIMENTAL SITES
a.  Arawata   b.  Ellinbank
c.  Darnum d.  Anderson’s Farm
e.  Boulton’s Farm
f.  MRF

RIVER BASINS
1.  Tambo
2.  Nicholson
3.  Mitchell
4.  Avon
5.  Thomson/Macalister
6.  Latrobe
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The Latrobe and Thomson Rivers contribute 85% of P inflows to Lake Wellington and

62% of P inflows to the entire Gippsland Lakes system (Grayson et al., 2001). In order

to protect the beneficial uses of the lakes, associated wetlands and their tributaries, in

1993 the State Government of Victoria commenced development of the “Draft State

Environment Protection Policy for the Latrobe and Thomson River basins and

Merimans Creek Catchment” (EPA, 1995).

The State Environment Protection Policy aimed to reduce P exports from point sources.

By 2005, P exports from sewage treatment plants, other industries, urban stormwater

and irrigated agriculture, that contributed 18, 2, 4, and 18% of the P respectively, were

to be reduced by 80, 30, 40 and 40%. Over $15M has since been spent on capital works

aimed at reducing exports from sewage treatment systems. Urban stormwater treatment

systems have been installed along with improved waste treatment systems for many

secondary industries. A Macalister Irrigation District Nutrient Reduction Strategy

(Department of Natural Resources and Environment, 1998) has been implemented and

through improved fertiliser management and reduced irrigation drainage aims to deliver

a 40% reduction in P exports by 2005.

The remaining 57% of P, contributed from “other catchment sources” including pasture-

based grazing (31400 km2), road and track drainage and waterway processes, was

targeted for a modest 15% reduction (EPA, 1995). It was argued that “… major

reductions in nutrient loads discharged from irrigation areas are feasible during the low-

rainfall periods…” and that a similar situation applied to urban stormwater. However, in

regard to the “other catchment sources” (i.e. the diffuse sources of P) estimated

reductions were “…a generalisation, taking account of the large amount of phosphorus

bearing-sediment derived from extensive areas during high rainfall periods”. Was

sediment really the source of the nutrients from pasture-based grazing or did it simply

facilitate P transport?

The problem of excessive P in a waterway has four components:

Source materials that supply the P;

Mobilisation processes that release the P into water;

Transport processes that transport P to the location where its adverse effects are

expressed; and
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Adverse impacts that may be expressed through a vector such as blue-green algae

or other aquatic flora.

In 1994, as part of a major productivity trial (Phosphorus for dairy farms project, 2001)

a small research project was initiated to investigate the off-site impacts of increased P

fertiliser use on dairy farms in Gippsland. The question to be addressed by the research

was:

How can P exports from the pasture-based grazing systems in Gippsland be

minimised?

In 1994 the distinction between mobilisation and transport processes was not well

understood. Stream monitoring suggested that most P was in a particulate form

(Grayson et al., 1994) and studies from semi-arid regions of New South Wales

suggested that detachment (erosion) was the most important P mobilisation process

(Cullen and Rosich, 1979; Cullen, 1991). Remedial strategies were therefore based on

preventing detachment (erosion) at a field (paddock) scale and intercepting water with

the aim of physically removing sediment (i.e. grassed buffer strips, riparian vegetation,

(Waters, 1996).

There was evidence that dissolution was an important mobilisation process especially

for the pasture-based grazing area on the lowlands adjacent to the Latrobe River.

Community water monitoring data showed that TDP in overland flow was often >2

mg/L and expressed as a percentage of TP, was often >80% (Noel Morgan, pers. comm.

November 1994). Studies of in-stream P suggested that “Lowland agricultural areas

should be the primary focus for reducing TP contributions under high flow conditions

because their loads are substantial and the form of P is thought to be more available to

stream biota than that from upland areas. Runoff from these areas carries 2 to 5 times

the amount of P for a given load of TSS compared to upland areas (Grayson et al.,

1994). One explanation for this recommendation was that the dissolution products were

attaching to the sediment in transit.

An extensive literature review was undertaken in order to ascertain the current state of

knowledge in relation to P export from pasture systems. Having been modified in the
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light of more recent research, this review is presented in Chapter 2 and provides the

scientific foundation for the experimental sections of this thesis. The review emphasises

the processes leading to P exports from pasture-based grazing systems and proposes

novel tracing technologies that might be used to investigate them.

The literature review suggested that unless there was a predisposition to detachment

(erosion) of sediments (>0.45 µm), dissolution was probably responsible for most P

mobilisation in pasture-based grazing systems. It followed that to test this hypothesis

the initial research question should be:

What is the relative importance of detachment and dissolution processes in P

export from grazed pastures in the Gippsland region?

This question was addressed by measuring water and nutrients exported in overland

flow from a representative, commercial farm. The study was restricted to overland flow

(surface runoff) as detachment products were unlikely to be transported via sub-surface

pathways. This monitoring approach allowed the concurrent investigation of other

research questions that related to P sources such as:

Quantitatively, how does the timing of fertiliser application and grazing in

relation to rainfall affect P concentrations in overland flow?

Do P concentrations vary with flow and is it possible to exhaust the supply of P?

What proportion of P exports are under the control of the land manager?

In Chapter 3, the results of monitoring a dryland grazing system at Darnum in West

Gippsland are presented.

It was evident from the literature review that fertilisers were probably an important

source of the P exported from grazing systems. Nutrient budgets suggested that P was

accumulating in these systems as a result of fertiliser applications. But was the exported

P mobilised directly from fertiliser granules and their initial reaction products, or was

the P sourced from fertilisers that may have been applied years earlier and was now
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cycling through the soil-plant system? If a significant proportion of the P was being

mobilised directly from fertiliser and its initial reaction products, improved management

of fertilisers (i.e. timing of application and compounds used) may reduce P exports.

The mobilisation of P directly from fertiliser granules applied to soil was initially tested

in a laboratory study. The primary research question addressed by the laboratory study

was:

What are the properties of commercial di-ammonium phosphate (DAP) and

single superphosphate (SSP) fertilisers as they may relate to P exports in the

field?

There had been few studies, if any, in which the properties of commercial DAP and SSP

fertilisers had been compared. The literature review (Chapter 2) suggested that the

hygroscopic properties of DAP and its reaction products would increase P mobilisation

compared to a mono-calcium phosphate based fertiliser such as single superphosphate

SSP, under similar conditions. The laboratory study in which commercial DAP, SSP

and a sulphur coated SSP fertiliser were compared are presented in Chapter 4.

The laboratory study allowed detailed investigation of the P mobilisation from fertiliser

granules applied to soil. In order to compare the environmental consequences of using

different fertilisers it was necessary to compare both the mobilisation and transport of P

following fertiliser application. Due to natural climatic variation it was not possible to

design an experiment to compare the mobilisation and transport of P from DAP and SSP

using natural rainfall. As an alternative, an experiment was designed using border

irrigation. The primary research question for the field study was:

Are P exports similar following the application of commercial DAP and SSP

fertilisers to border-check irrigation bays?

The results of fortuitous rainfall on a preliminary experiment and the irrigation

experiment are presented in Chapter 5.
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Understanding how to reduce P exports directly from fertilisers to acceptable

concentrations was only part of the problem. Clearly there were other sources of P being

mobilised. Trace metal contaminants in commercial fertilisers, especially strontium and

cadmium, were identified from the literature review as a possible method for

differentiating between P from recently applied fertilisers and P mobilised from the soil-

plant system. The fertiliser field study described in Chapter 5 provided an ideal

opportunity to test this hypothesis. The primary research question for this study was

Can metal contaminants be used to trace P derived directly from fertilisers?

In Chapter 6 the results of this study are presented.

Tracing other sources of P in a pasture-based grazing system, especially those of

organic origin, is clearly a challenge. The literature review and field observations that

the tannin colour of overland flow may have been related to P concentrations, suggested

that organic marker compounds could be used to trace organic sources of P. Developing

such technology is a large undertaking. For the purposes of this thesis the research

question was restricted to:

Are there unsaponifiable neutral lipids in source materials and water extracts of

those materials and overland flow that could be used to trace contaminants

exported from a pasture-based grazing system?

An initial investigation of this technology is presented in Chapter 7.

Chapter 8, draws together the understanding that has been developed through this

research and documents the management practices that are most likely to decrease P

exports in overland flow from pasture-based grazing systems in the Gippsland region.
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CHAPTER 2 – Literature review
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Introduction - Phosphorus export

Most Australian soils have inadequate supplies of P and N for optimum plant growth

(Connor and Smith, 1987). In pasture-based production systems, inputs of P are

required to develop a productive pasture sward in which legumes, predominantly

clovers, fix atmospheric N which in turn supports the growth of grasses. Phosphorus

enters the farming system in fertiliser, in feed, and to a lesser extent, in rainfall.

In grazing systems the plants, animals and soil can all store P. Plants incorporate

inorganic P from the soil solution into their structure. Animals, including the soil fauna,

eat the plants, incorporating the plant P in their own biomass. Ultimately, some of this P

is returned to the soil when plants and animals, and animal wastes, are decomposed.

Decomposing plant and animal products, along with the soil micro-flora and fauna that

undertake such decomposition, provide a significant store of P. Importantly, if the rate

of conversion of organic P to inorganic forms (i.e. mineralisation) is less than the rate at

which P in the soil is incorporated into microbial biomass (i.e. immobilisation), less P is

available for plant growth.

Phosphorus mineralised from organic matter and inorganic fertilisers contributes to the

inorganic P, predominantly orthophosphate, available for plant uptake from soil water.

In fixation processes, P compounds attach to insoluble materials and are stored in a

form that is not immediately available to plants (Engelstad and Terman, 1980). For the

purposes of this thesis the terms 'fix' and 'fixation' will be used to describe the non-

biological processes, principally adsorption and precipitation, that remove P from the

soil solution,

The distinction between P stored in inorganic or organic forms is important. Micro-

organisms largely control P release from organic sources and mineralisation increases

when conditions favour microbial growth. The rate of P release from inorganic sources

is largely a chemical process dependent on equilibrium concentrations of reactants such

as iron and aluminium, and the chemical conditions that influence them such as pH and

oxygen potential.
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Dairy farming is one of the most intensive pasture-based grazing systems in Australia.

A simple nutrient balance suggests more P is applied than is exported in produce from

these and similar grazing systems (Table 1abc). While P may be stored in the standing

crop, the excess P must either be stored in the soil or lost from the system in drainage or

overland flow. This Chapter investigates aspects of P export from grazing systems and

will be used for the discussion of experimental data later in the thesis.

Table 1. Phosphorus budget for (a) a typical Gippsland dairy farm, (b) high
and low fertility Hamilton sheep farms and (c) a typical Gippsland
beef farm.

(a) Gippsland dairy farmA.

Budget kgP/ha year
Exports
Milk    8.7
Replacements    1.5
Imports
Fertiliser   44
Imports – Exports   34

A - Assumptions: P content of milk is approximately 0.95g/L (Grace, 1983) 25% herd replacement policy
Production 500,000 litres of milk from 100 cows annually 3.2 kg of P per cow (Grace, 1983)
P application 44 kg per hectare annually (Drysdale et al., 1999) Stocking rate 1.84 cows per hectare
P application 44 kg per hectare annually (Drysdale et al., 1999)
No external supplements containing P brought onto the farm

(b) High and low fertility Hamilton sheep farmsA.

Budget kgP/ha year kgP/ha year
Exports High Low
Animals 4.0 2.1
Wool 0.01 0.02
Imports
Fertiliser 24.5 5.5
Feed 0.03 0.0
Imports – Exports 20.5 3.4

ASource: John Cayley, unpublished data, February 2000

(c) Gippsland beef farmA.

Budget kgP/ha year
Exports
Beef    2.9
Replacements    0.8
Imports
Fertiliser   17
Imports – Exports   13.3

A - Assumptions: 450 kg beef produced annually per hectare 25% herd replacement policy
3.2 kg of P per cow (Grace, 1983) Beef 0.64% P/kg
Stocking rate 1 cow/calf units per hectare P application 17 kg per hectare annually
No external supplements containing P brought onto the farm
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Phosphorus mobilisation

Wind and water transport nutrients from agricultural land into aquatic systems. The

dominant transport mechanism and related mobilisation processes depend on the

nutrient in question and a range of site specific factors. However, wind erosion is not

generally considered an important mechanism for P export from well-managed grazing

systems in high rainfall areas of southern Australia (Department of Natural Resources

and Environment, 1996).

Historically, the soil fabric has been assumed to act as a sink for applied P (Russell,

1957). Consequently, it was thought that P was primarily lost from soil when detached

(eroded) sediments were exported in overland flow. The most notable exceptions were

thought to be very sandy soils (Ozanne et al., 1961; Mansell et al., 1977; Peverill et al.,

1977; Weaver et al., 1988a; Weaver et al., 1988b) and organic soils where soluble

organic matter facilitated transport of P either directly or by coating the active sites for

sorption (Pierzynski et al., 1994).

Filtration has generally been used to distinguish between detachment (erosion)

processes that generate particulate P and dissolution processes that generate dissolved P.

Typically materials retained by a 0.45 µm filter have been defined as particulate and

those in the filtrate as dissolved (Haygarth and Sharpley, 2000). The reactivity of P in

an acid-molybdate solution is often used to further differentiate P species. Phosphorus

concentrations measured without digestion are commonly referred to as ‘reactive’ and,

with digestion, ‘total’. These conventions will be applied in this thesis. The term

‘dissolution’ therefore defines the mobilisation of P and other materials that pass

through a 0.45 µm filter but, importantly the terms ‘dissolved’ and ‘dissolution’ do not

imply that all the materials in the filtrate are in solution (Beckett and Hart, 1993;

Haygarth et al., 1997). It is possible that fertiliser reaction products and P attached to

colloidal particles are contributing to P in the <0.45 µm or ‘dissolved’ fraction.

Both dissolved (<0.45 µm) and particulate P have been measured in overland flow from

grazing systems (Cullen, 1991; Hazel, 1991; Nash and Murdoch, 1996a; Nelson et al.,

1996a) suggesting both physical detachment and dissolution processes (Figure 3)
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contribute to P exports. Soil has been shown to have a finite capacity to hold P and as

this limit is approached the concentration of P in soil water increases (Barrow, 1989b;

Holford, 1989; Heckrath et al., 1995; Hesketh and Brookes, 2000). In Australia the

repeated use of P fertilisers to increase productivity has increased the rate at which P is

cycled and the amount of P stored in soil. It follows that the opportunities for the

dissolution of P into water have also increased.

Figure 3. Phosphorus mobilisation at a field-scale.
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While detachment (erosion) is essentially a physical process, dissolution is affected by

the chemistry of the P and surrounding materials, and the available reaction time.

Detachment commences with fine particles (sediments) and associated P being

separated from the soil fabric by physical and mechanical effects on soil aggregates

including raindrop impact, cultivation and flowing water, and physical and chemical

effects on soil aggregate stability such as slaking and dispersion (Leeper and Uren,

1997). These particles are transported by overland flow at a rate that is related to the

kinetic energy of the water (Shainberg et al., 1994). As a general rule, increased flow

rates lead to increased potential for detachment and transport of sediment, and this is

likely on unstable soils where aggregates collapse, at higher rain intensities, on steeper

slopes, on lower infiltration soils with fewer impediments to flow, and on slopes with

significant run-on. The processes of surface soil detachment and sedimentation are well

reviewed elsewhere (Smith and Wischmeier, 1962; Food and Agricultural Organisation

of the United Nations, 1965; Kelley, 1983).

An important part of the detachment process is the sorting of particulate materials

during transport based on their surface area and density. The disturbed flow created by

perturbations at the soil surface enriches overland flow with P contained in low-density

detrital material and P adsorbed to colloids, compared to the bulk source materials

(Sharpley, 1980, 1985). Enrichment ratios (i.e. the concentration of P in the detached

sediment divided by the concentration of P in the bulk source material) vary depending

on the soil in question and soil treatment. As the concentration of detached soil

increases, the enrichment ratio decreases and approaches unity (Massey and Jackson,

1952; Menzel, 1980). This suggests that P loads are higher, but concentrations lower, in

more intense flows and has implications for water sampling strategies at the field-scale.

The sources of P mobilised by dissolution processes are generally close to the soil

surface. However, unlike most pollutants, P can be extracted by water from both live

and decomposing plant material (Bromfield and Jones, 1972; Sharpley, 1981). In

contrast to detachment, dissolution occurs where the velocity of the water is low

(Figures 3 and 4) and the migration of material into streamlines is determined by

desorption, dissolution and diffusion rates rather than physical processes. A notable

exception would be where raindrop impact on overland flow or detachment increases
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the surface area of a P source such as faecal materials (Ahuja et al., 1981; Ahuja et al.,

1983).

Figure 4. The depth velocity profile of water moving down a slope with (a)
vegetated surface, (b) rough soil surface and (c) smooth soil surface
profiles.

Depth

Velocity



31

The most important factors affecting P dissolution rates include the volume of soil

explored by the water (often only the first 20 mm layer, (Sharpley et al., 1988), the

solubility of the P source, the sorption properties of the P species and soil, the presence

or absence of chelating agents for metals or substances that block sorption sites, and the

contact time (Sharpley et al., 1994; Kirkby et al., 1997; Addiscott and Thomas, 2000).

Where the depth of interaction between soil and water is essentially fixed, for example

on stable soils, and source materials are not limiting, it would be expected that the load

of dissolved P exported would depend almost exclusively on contact time. It follows

that factors affecting flow rates such as the rain intensity, slope and depth of flow, have

less effect on dissolved P loads than factors affecting the contact time between soil and

water such as storm length and duration of flow (Haygarth and Jarvis, 1999; Haygarth et

al., 2000). Using similar logic, and compared with detachment under the same

conditions, dissolution is equally likely on upper and lower slopes.

Phosphorus transport pathways

The primary pathways for water facilitated P transport in surface soil are shown in

Figure 5. These pathways are rarely as well defined as the diagram suggests and in most

landscapes infiltration excess overland flow, saturation excess overland flow and

interflow are difficult to distinguish.

Infiltration excess overland flow occurs where the rainfall intensity and run-on exceed

the infiltration rate for the soil profile. The volume and rate of infiltration excess

overland flow depends on the rate of water addition, surface soil infiltration rate and soil

hydraulic conductivity (Emmett, 1978). Consequently, factors such as slaking and

dispersion that alter infiltration behaviour, and soil compaction and structural

deterioration that affect hydraulic conductivity (Hillel, 1980; Cresswell et al., 1992),

also affect infiltration excess overland flow. At a field-scale, infiltration excess overland

flow tends to increase down slopes as both surface and sub-surface run-on from higher

areas increase the hydraulic load, and hence the probability of overland flow, in

receiving areas.
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Figure 5. Primary pathways of water and phosphorus transport at a field
scale.

Saturation excess overland flow is characterised by saturation of the soil over which

water is moving. For many soil profiles, saturation excess overland flow is a special

case of infiltration excess overland flow. Generally, infiltration is occurring, albeit at a
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negligible rate because of the low hydraulic conductivity of the underlying strata. Soils

with a permeable A-horizon overlying a heavy clay, less permeable B-horizon

(Chittleborough, 1992) are prone to such conditions (Cox and McFarlane, 1995).

However, saturation excess overland flow also occurs where ground water or interflow

rises to the surface in discharge zones, often at a break (i.e. change) of slope (Rulon et

al., 1985; Gerits et al., 1990; Moore and Foster, 1990).

Interflow describes water that after having infiltrated the soil is moving laterally until

discharged as overland flow (Amerman, 1965), typically at the break of slope or where

the profile has been disrupted (i.e. by clearing or ploughing). As such interflow can be

considered a precursor of saturation excess overland flow. Also called ‘throughflow’

(Kirkby and Chorley, 1967), interflow can occur in the pollutant rich layer immediately

below the soil surface or at the interface of the A/B or B/C horizons (Stevens et al.,

1999). Waters moving at these interfaces are best referred to as A/B or B/C interflows

and treated as components of sub-soil hydrology (Stevens et al., 1999).

As in the case of overland flow, interflow accumulates down a slope and when the

infiltrating water and interflow exceed the transmissivity (i.e. hydraulic conductivity x

soil thickness), infiltration/saturation excess overland flow is likely. Interestingly,

interflow and infiltration excess overland flow can occur simultaneously, especially in

naturally anisotropic soils or soils with a compaction layer near the surface. As

infiltration/saturation excess overland flow and interflow immediately below the soil

surface (0 - 20 mm) are difficult to separate functionally, the term overland flow will be

used in this thesis to describe them collectively.

Overland flow is one of the more difficult hydrological concepts to describe

mathematically as water addition (rainfall) and infiltration vary temporally and spatially

(Nielsen et al., 1973). In addition, flow may be laminar (subcritical), turbulent

(supercritical) or a combination of both (Daugherty et al., 1989).

One-dimensional overland flow down a plane land surface is described in Equations 1

and 2 (Hairsine et al., 1992). The excess rainfall rate (R) depends on the rate of water

addition (P), infiltration rate (I) and change in water storage with time (dE/dt).

Incorporating run-on and groundwater additions into the rate of water addition term (P)
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and assuming no change in soil profile storage, these equations describe the combined

effects of saturated excess and infiltration excess overland flows. The equations imply

that the changing water flux is inversely proportional to changes in water depth with

time, infiltration rate and the rate of water addition, which is usually rain intensity.

Equation 1 R = P - I - dE/dt (m/s)

Where: R is excess rainfall rate

P is the rate of water addition (usually rainfall rate);

I is the infiltration rate; and

dE/dt is the rate of change of depressional storage.

Equation 2 δq/δx + δD/δt = R (m/s)

Where: q is the water flux;

x is the distance down the plane;

D is the depth of water; and

t is time.

Using the kinematic flow approximation, the relationship between water flux and flow

depth can also be described by the resistance equation (Equations 3 and 4), (Moore and

Foster, 1990).

Equation 3 q = KDM (m3/s per metre)

Where: D is the depth of water; and

K and M are constants.

Equation 4 D = (q/K)(1/M) (m)

For turbulent flow the K term includes the effects of hydraulic roughness and slope,

while for laminar flow K reflects the slope and kinematic viscosity. The value of the

exponent (M) is 1.67 for turbulent flow and 3.00 for laminar flow (Gerits et al., 1990),

implying that depth increases more rapidly for turbulent than laminar flow.

In a field, vegetation and soil materials impede water flow creating an overall ‘disturbed

flow’ pattern that is distinct from the irregularity of turbulent flow near the obstacles
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(Daugherty et al., 1989). As a result, the highest downslope velocities are experienced at

the water surface (Figure 4).

Phosphorus sources

When rain falls on a pasture it washes over the plants onto the soil surface. The

rainwater, plants, added fertilisers, animal waste products and the soil fabric all

contribute to the nutrients contained in the water. Apart from some notable exceptions

(Greenhill et al., 1983b; Sharpley et al., 1985), it is generally accepted that rainfall

makes little direct contribution to the P exported in water (Greenhill et al., 1983a).

Rather, the primary P source is the soil-plant system that includes plants, animals, added

fertilisers and soil.

Plants

Model studies and decomposing materials have generally been used to investigate the

direct contribution of plants to P export (Timmons et al., 1970; Schreiber, 1985;

Schreiber and McDowell, 1985; Havis and Alberts, 1993). For example, P mobilised

from ‘hayed-off’ phalaris and clover plants has been studied under a wide range of

laboratory conditions (Jones and Bromfield, 1969; Bromfield and Jones, 1972). Of the

total P in plant material, 60 - 83% was water soluble and up to 62% of this P, 37 - 51%

of the total, was leached by 125 mm of simulated rainfall over 96 hours. Environmental

conditions clearly affected the results. However, the concentrations of P varied from 2 -

150 mg/L and a simple model of the water-soluble P (Table 2) suggests that pasture

plants may be an important source of the P exported from pasture systems.

Interestingly, in these laboratory studies (Jones and Bromfield, 1969; Bromfield and

Jones, 1972) plants grown with higher concentrations of soil solution P contained more

total P, a higher percentage of P in a water soluble form and lost about the same

percentage of water soluble P as those grown in lower levels of soil solution P. This

suggests that the mobilisation of P directly from plants may be more important in

pastures with a high P status.
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Studies of growing pastures suggest that the P extracted by water depends on the plant

species (Sharpley, 1981) and their pre-treatment. For example, P exported in overland

flow from flood irrigated bays has been compared after mowing and grazing (Nexhip et

al., 1997). Immediately after defoliation, the P exported from the mown control was

greater than from the two lowest grazing pressures of 100 and 200 cows/ha over a 24

hour period. Presumably the physical damage caused by mowing was greater than the

combined effects of grazing and defecation.

Table 2. A model of water soluble phosphorus in ryegrass (Lolium perenne)
plants.

Total dry
matter

(kg/year)

Phosphorus
concentration

(%)A

Water soluble
phosphorus

(%)B

Water soluble
phosphorus in

pasture
(kg/ha year)

15,000 0.25 60 23
15,000 0.25 83 31
15,000 0.45 60 41
15,000 0.45 83 56
10,000 0.25 60 15
10,000 0.25 83 21
10,000 0.45 60 27
10,000 0.45 83 37

A - Concentrations for plants grown on high (0.45) and low (0.25) P status soils (Phosphorus for dairy farms
project, 1997).

B - (Bromfield and Jones, 1972)

Soil

The surface (0 - 20 mm) is the most P rich zone of all but a few soils. It is here that

broadcast fertilisers are applied, animals defecate, and plants, acting as biological

pumps, deposit litter containing P that has been extracted from lower in the profile. It is

here too that rainfall and soil interact usually to a depth of only a few millimetres

(Sharpley et al., 1981a; Ahuja, 1986).

Soil is an extremely complex material and surface soils in particular contain a vast array

of inorganic and organic compounds, detrital material, flora and fauna. Some of the

forms of P in soil in decreasing order of lability include (Holford, 1989):
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P in solution (<1% of total);

inorganic P in plant and microbial residues;

inorganic P adsorbed on clay and organic matter surfaces;

inorganic P ranging from sparingly soluble to extremely soluble and

derived from both inorganic and organic sources;

inorganic P occluded or absorbed in P reactive minerals; and

very stable organic P in plant, animal and microbial material.

Such lists tend to underestimate the role of organic P in soil processes. While organic P

concentrations are highly variable, they generally account for 50 - 80% of total soil P

(Richardson, 1994), especially near the surface (Perrott and Sarathchandra, 1989;

Perrott et al., 1990).

For the purposes of this thesis, the review is restricted to key attributes of inorganic and

organic soil constituents and their effects on P availability, and to inorganic fertilisers.

Inorganic materials and phosphorus mobility

Plants absorb P as inorganic ions from the soil solution (Holford, 1997). Consequently,

the reactions of inorganic P and inorganic P compounds in soil have been extensively

studied (Smith, 1965; Sample et al., 1980; Barrow, 1989a; Holford, 1989) and reviewed

(Wild, 1949; Norrish and Rosser, 1983; Haynes, 1984; Sanyal and DeDatta, 1991;

Schulthess and Sparks, 1991).

Precipitation/dissolution and adsorption/desorption processes maintain the concentration

of inorganic P in the soil solution. Precipitation/dissolution processes are prominent at

high phosphorus concentrations, for example in the soil surrounding fertiliser granules

(Barrow, 1989b), and are discussed in relation to specific fertilisers later in the thesis.

Adsorption/desorption processes also occur in the immediate vicinity of fertiliser

granules. However, as the wetting front progresses through the soil and P concentrations

decrease, adsorption/desorption processes become increasingly important in buffering

solution P concentrations (Barrow, 1989b).
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Adsorption/desorption reactions in soils can be the result of fixed or variable charge.

Fixed charges result from isomorphic substitution within a crystal lattice such as occurs

with aluminium substitution for silicon in some clay minerals (van Olphen, 1977).

Compensating cations are adsorbed to the negatively charged faces of these crystals.

Variable charge can result from incomplete bonding on the edges of clay minerals and

the surface of oxides, especially aluminium and iron. Water molecules that gain or lose

protons depending on the soil pH are attracted to these surfaces. Consequently, the

charge on these, and some forms of soil organic matter that can also gain and lose

protons, varies with pH. It is the variable charge, especially that associated with iron

and aluminium oxides, that is important for phosphate adsorption (Barrow, 1980).

Phosphate anions can replace the water and hydroxyl ions adsorbed to variable charge

sites on aluminium and iron oxides. The majority of these sites are negative at the pH of

most soils (Barrow, 1990). Despite also having a negative charge, phosphate ions with

sufficient activation energy are able to approach the crystal surface close enough to

establish short-range chemical bonds. As phosphate ions are adsorbed the surface

charge becomes increasingly negative, lessening the probability that subsequent ions

will be adsorbed and, in the short term (i.e. days), quasi-equilibrium is established with

the soil solution (Barrow, 1980). Consequently, as P is progressively added to soil the

proportion of the added P in the adsorbed phase decreases while the proportion

remaining in soil solution increases.

In the longer term (i.e. weeks to months) P initially adsorbed to the surface of oxides

can migrate to surface sites between aggregates of crystals (Willett et al., 1988) and

penetrate the crystal lattice (Barrow, 1989a). The rate of these reactions increases with

temperature (Barrow, 1980) suggesting that the reactions are rate limited and that the

system has not reached equilibrium. The P that is initially removed from solution by

adsorption and continues to react with soil in these "slow" reactions is commonly

referred to as fixed because it is no longer in direct equilibrium with the soil solution

(Barrow and Shaw, 1975). Given the complexity of P reactions with soil and their time

dependency, in this thesis the terms "fixed" and "fixation" will be used to describe any

inorganic reactions or processes that decrease the concentration of P in soil solution.
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The P buffering capacity is a commonly used measure of a soil’s ability to maintain

short-term P concentrations in the soil solution and, presumably, in other water such as

overland flow. It is most often derived from a plot comparing the quantities of P

adsorbed by soil to various equilibrium P concentrations under standard conditions. The

slope of the graph at an arbitrary solution P concentration is referred to as the buffering

capacity (Holford, 1989). An alternative test, also referred to as the P buffering

capacity, uses the slope of a straight line for the relationship between P sorbed and the

log of the equilibrium P concentration (Rayment and Higginson, 1992). In this thesis the

slope of the graph comparing P adsorbed and equilibrium P concentrations at an

equilibrium concentration of 5 mgP/L, which approximates the concentration of P in

overland flow, will be used as an estimate of buffering capacity. The higher the soil

buffering capacity, the higher the proportion of P in the solid phase compared to the

solution phase and the lower the rate of diffusion through the solution phase (Holford,

1989).

The buffering capacity is affected by the number of sites where P can be held,

regardless of whether they are adsorption or precipitation sites, and the affinity of these

sites for P (Holford, 1989). The decreasing slope of the plot is consistent with a model

in which the number of available sites and their affinity for P progressively decrease

(Barrow, 1989a). It follows that as P is added to soil, for example through fertiliser

additions, the buffering capacity decreases. Further, since sorption graphs are

curvilinear, the higher the soil fertility the greater the decrease in buffering capacity

from further fertiliser additions.

Buffering capacity is a useful way of comparing how soils respond to increased P in soil

water. However, when P concentrations decrease, for example after rain, the dynamic

processes involved in P adsorption, especially the longer terms processes such as intra-

crystalline migration, are not simply reversed (White, 1980; Barrow, 1983). A soil’s

‘replenishment capacity’ (i.e. ability to replenish P concentrations in soil water,

(Holford, 1989), depends on the buffering capacity of the soil and the amount of P that

can be re-mobilised (i.e. labile P, (Schofield, 1955). As might be expected the

‘replenishment capacity’ is positively related to soil buffering capacity and the amount

of labile P in soil. However, the export of P in flowing water will depend on both the

replenishment capacity of the soil and the rate at which P can be mobilised.
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The same adsorption/desorption reactions that affect inorganic P concentrations in soil

solution also occur in fluvial systems (Hart et al., 1991). Inorganic P mobilised into

overland can be readsorbed by bed sediments in streams and by soil material during

transport (Burwell et al., 1974; Sharpley et al., 1981b), and released sometime later

when the water chemistry favours such processes (e.g. anoxic conditions). Hence the

quantity and composition of bed load materials and suspended sediments, especially

those with variable charge sites, influence the concentration of orthophosphate in the

dissolved phase. Where, as a result of sedimentation (Figure 3), P adsorbed to sediments

is deposited prior to entering a stream, P exports can be dramatically reduced. The

spatial distribution of these sources and sinks within the landscape, especially their

proximity to streams, has important implications for P exports at the catchment scale

(Gburek et al., 1996).

Organic materials and phosphorus mobility

Organic components of soil can affect P mobility in four ways; (i) as a source of

inorganic P, (ii) as the compound transporting P, (iii) by complexing inorganic P in

water thereby stabilising its concentration in solution, and (iv) by blocking

adsorption/precipitation sites, decreasing the capacity of soil to adsorb P from water.

Organic forms of P and their reactions in soil have received far less study than inorganic

forms. Most organic P in soil originates from animal and plant wastes and the

decomposition of soil flora and fauna. Faeces appear to be the primary conduit through

which P in animal wastes is returned to soil (Braithwaite, 1976). The P concentration of

cattle faeces is usually around 0.5% on a dry weight basis (Thompson, 1989). While the

total P concentration of faeces can vary depending on the P concentration in pasture

(Rowarth et al., 1988), the proportion of total P in an organic form remains unchanged

(Rowarth, 1987). The predominant inorganic form of P in sheep faeces has been

identified as di-calcium phosphate (CaHPO4), (Barrow, 1975). There have been no

similar studies of the P in cattle faeces.
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Strong evidence suggesting organic materials contribute to P mobility can be found in

the numerous studies in which organic and inorganic P concentrations in drainage have

been compared (Reddy et al., 1978; Chardon and Oenema, 1995; Edwards et al., 1996;

Chardon et al., 1997). For example, P export in drainage from 300 mm deep soil cores

treated with 50 kgP/ha as single superphosphate (mono-calcium phosphate plus

gypsum) and cattle faeces have been compared (Nash and Murdoch, 1996b). In the case

of the fertiliser, the P concentration in drainage was higher than the control cores only in

the second week after treatment. However, the drainage from the faeces treated cores

had significantly higher P concentrations than the control cores for the 5 weeks

following treatment. The predominant forms of P in the drainage were also different,

being dissolved reactive P (DRP) and dissolved non-reactive P (DNP) for the fertiliser

and faeces treatments respectively. The study concluded that while additions of P in

fertiliser did not significantly increase the export of P in drainage, the application of P in

faeces did. These results are consistent with the long-term Rothamsted studies where the

application of manures as compared to inorganic fertilisers applied at the same rate has

increased P at depth in grass pastures (Johnston and Poulton, 1992).

It is as yet unclear if it is the form of P in organic matter, such as faeces, one of its

organic constituents, or a product derived from organisms using these materials as

substrate, that enhances the mobility of P from these, compared to inorganic P sources

(Dickinson and Craig, 1990). The ability of anionic organic matter to compete with P

for adsorption sites in ligand-exchange is well documented but has not been

quantitatively described (Holford, 1989; Schulthess and Sparks, 1991). In addition,

organic matter has been shown to increase the mobility of inorganic P, particularly in

acidic soils, by decreasing the chemical activity of iron or aluminium that would

otherwise precipitate P from solution (Thomas, 1975; Bloom et al., 1979). In the highly

organic environment of the soil surface, both mechanisms are likely to be important.

Inorganic fertilisers and phosphorus mobility

The type of fertiliser applied to pasture and the reaction products that form are

potentially important in determining the quantities of P exported in overland flow. Some

of the more important compounds in P fertilisers are presented in Table 3.
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Table 3. Some common phosphate compounds in fertilisers.

CompoundA  Formula B Common name
(Acronym)

Phosphorus
concentration

(%)

Water
solubility

Mono-calcium
phosphate

Ca(H2PO4)2.H2O Superphosphate
(SSP / DSP /

TSP)

Single 9
Double 18
Triple 21

High

Mono-
ammonium
phosphate

NH4H2PO4 MAP 23 High

Di-ammonium
phosphate

(NH4)2HPO4 DAP 20 High

Di-calcium
Phosphate

CaHPO4
CaHPO4.2H2O

DCP (anhydrous)
DCP (dihydrate)

Variable Low

Hydroxyapatite Ca10(PO4)6(OH)2 Rock phosphate
(RP)

Variable Low

A - Adapted from (Chien et al., 1989) B - May vary with source materials

Phosphorus fertilisers can be broadly classified as being (i) water-soluble, (ii) partially

water soluble, and (iii) water insoluble (Chien et al., 1989). When overland flow occurs

immediately after broadcast application, fertiliser solubility is important in determining

P concentrations in soil water. Phosphorus forms that are water soluble release a large

proportion (>50%) of their P immediately upon wetting, although a significant portion

of that P may subsequently revert to less soluble forms (Lindsay and Stephenson,

1959b, a). Insoluble fertilisers and their reaction products may still be transported in

overland flow if detachment (erosion) occurs, or if they have reacted with other soil

constituents to form water-soluble compounds.

The most common water-soluble phosphatic fertilisers are single-, double- and triple-

superphosphate and mono- and di-ammonium phosphates. Superphosphates are made

by reacting an acid with rock phosphate. Where sulfuric acid is used the resulting

fertiliser is a combination of mono-calcium phosphate (Ca(H2PO4)2) and gypsum

(CaSO4.2H2O) commonly referred to as single superphosphate (SSP). The gypsum in

SSP affects the physical properties of the granules and provides sulfur, another essential

nutrient for plants. If phosphoric acid, rather than sulfuric acid is reacted with the rock

phosphate, more concentrated mono-calcium phosphate fertilisers commonly called

double- (DSP) and triple-superphosphate (TSP) are produced.
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Ammonium phosphates are produced by reacting ammonia with phosphoric acid. The

products formed depend on the molar ratios of reactants but are commonly mono-

(MAP) and di-ammonium phosphate (DAP). Ammonium phosphates are almost

completely water-soluble. However, to decrease dust formation MAP and DAP granules

are commonly coated with oils or waxes (I. Grant, pers. comm., July 2001). The effect

of such coatings on P extractability has not been investigated.

There are a number of partially water-soluble P fertilisers and their chemical properties

vary considerably (Chien et al., 1989). Some in this group of fertilisers are made by

reacting anhydrous or aqueous ammonia with SSP or TSP, nitric acid with rock

phosphate, or rock phosphate with insufficient sulfuric acid to form SSP or insufficient

phosphoric acid to form DSP or TSP. Mixing water-soluble compounds, such as SSP,

with insoluble compounds such as rock phosphate forms other partially water-soluble

compounds. Water insoluble phosphatic fertilisers include unreacted rock phosphate,

heat treated (calcined) rock phosphate and di-calcium phosphate formed by reacting

hydrochloric acid with rock phosphate.

Single superphosphate is the most common phosphatic fertiliser applied to pasture soils

in Australia (Pivot Limited, 1997). In recent years high analysis fertilisers, particularly

di- (DAP) and mono-ammonium phosphate (MAP) and double- (DSP) and triple-

superphosphate (TSP), have increasingly been used (Pivot Limited, 1997).

A conceptual model of fertiliser reactions in soil is presented in Figure 6.

Phosphorus behaviour in soils may be explained by a series of precipitation and

adsorption reactions (Holford, 1989) that are affected by a range of properties including

salt concentration and pH (Barrow, 1989b). Precipitation/dissolution reactions dominate

when there is a large change in P concentration, when the cation concentration is high,

and when soil pH is low or high, for example, in the immediate vicinity of a fertiliser

granule. Adsorption/desorption processes dominate when P concentration changes are

small, solution cation concentrations are low, and where specific surface areas are large,

for example, in clay soil.
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Figure 6. A conceptual model of fertiliser reactions in soils.
Adapted from (Holford, 1989)

When fertilisers are first applied to soil they take up water. Surface-applied SSP is

initially wetted by direct rainfall, by capillary uptake of water from the soil into the
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hygroscopic nature of the mono-calcium phosphate (Williams, 1969). Similar processes

would be expected to occur for DAP except that the absence of the gypsum present in

SSP would reduce the formation of structures that would facilitate water uptake by

capillarity. However, the high solubility of DAP would tend to enhance water

movement to the DAP granule once the wetting process has commenced by establishing

a strong osmotic gradient in the soil.

Factors likely to affect water uptake from the atmosphere by fertiliser granules include

relative humidity, temperature, and physical properties of the particles themselves such

as size, shape and porosity. For hygroscopic uptake of water by SSP a relative humidity

greater than 90% is necessary (Williams, 1969). Di-ammonium phosphate may require a

similar humidity which in field soils is exceeded at even low soil moisture contents

(Payne, 1988).

Hard coatings applied to fertiliser granules may also affect moisture uptake and P

dissolution. One reason for adding coatings is to slow the release of P, thereby

increasing its availability for crop growth (Engelstad and Terman, 1980). For example,

a sulfur coated P fertiliser was shown to be unavailable to a first crop of rice, but after

degradation became available for a second crop (Terman et al., 1970). Similarly,

insufficient P was released from sulfur-coated DAP for early growth of forage sorghum

and resulted in lower total yields, compared with uncoated DAP (Allen, 1971). It would

appear likely that most, if not all, fertiliser coatings, would impede moisture uptake

thereby delaying the mobilisation of P.

The main components of superphosphate are mono-calcium phosphate (MCP) and

calcium sulfate. The dissolution of MCP occurs as water is absorbed into the fertiliser

granule (Lehr et al., 1959). The incongruent dissolution of MCP is shown by the

following partially balanced equations (Equations 5, 6 and 7, (Lindsay and Stephenson,

1959b, a; Lindsay et al., 1962).

Equation 5 Ca(H2PO4)2.H2O ↔ CaHPO4 + H3PO4 + H2O



46

Equation 6 Ca(H2PO4)2.H2O + xH2O ↔ CaHPO4.2H2O + MTPS

Equation 7 Ca(H2PO4)2.H2O + xH2O ↔ CaHPO4 + TPS

Where: MTPS is metastable triple point solution; and

TPS is triple point solution.

The solution that forms within a superphosphate granule is supersaturated, leading to

the precipitation of sparingly soluble di-calcium phosphate dihydrate (DCPD).

Depending on the calcium activity, 20 - 34% of the total P may be precipitated as

DCPD at the granule site (Lehr et al., 1959). The movement of water-soluble P from

SSP granules is virtually complete within 24 hours (Lawton and Vomocil, 1954).

Surface deposits of DCPD at the granule site have been decreased by 90% through the

incorporation of other compounds, such as ammonium sulfate, with MCP (Bouldin et

al., 1960). How this may occur is not clear, but perhaps part of the answer lies in the use

of reagent grade MCP in these experiments. The sulfate component of the mixture

would tend to precipitate calcium sulfate in the soil, reducing the concentration of

calcium available for DCPD formation and encouraging DCPD precipitation away from

the granule site. If this hypothesis is valid, then it is unlikely that commercial SSP with

a calcium sulfate (gypsum) carrier would have responded in the same way. However, it

would be interesting to know, for example, how the precipitation of DCPD at the soil

surface would have been affected if organic matter had decreased the calcium activity in

solution by complexation.

The highly acidic solution (pH 1.5) diffusing from a superphosphate granule dissolves

soil minerals creating a concentrated solution of phosphate, calcium, sulfate, iron,

aluminium, and other ions (Lindsay and Stephenson, 1959b, a). While DCPD initially

forms as vapour transfer and mass flow of water extend the wetted zone, a series of

adsorption and precipitation reactions decrease the P concentration. The importance of

these individual fixation reactions depends on, amongst other things, the relative

proportions of the cations in the soil (Sample et al., 1980). It is generally accepted that

in acidic soils, such as those prevalent in the grazing regions of Australia, the formation



47

of aluminium and iron phosphates are important fixation reactions (Engelstad and

Hellums, 1992).

The fixation of ammonium phosphates in the soil is likely to be affected by the solution

pH of these compounds, 3.5 for MAP and 8.0 for DAP (Lindsay et al., 1962). The

reaction products that MAP forms are initially similar to MCP (i.e. DCPD) unless

exchangeable magnesium is high. In contrast, under similar conditions DAP formed a

range of compounds, including calcium di-ammonium diphosphate monohydrate

(Ca(NH4)2(HPO4)2.H2O), octacalcium hexaphosphate pentahydrate

(Ca8H2(PO4)6.5H2O), calcium phosphate dihydrate (CaHPO4.2H2O) and magnesium

ammonium phosphate hexahydrate (Mg NH4PO4.6H2O), (Bell and Black, 1970).

The reaction products from the application of DAP to soil have more recently been

investigated in laboratory studies (Sample et al., 1979; Moody et al., 1995). Sample et

al. (1979) showed that while DAP increased the pH near the application site, it

decreased soil pH at the wetting front. This low pH zone, attributed to the hydrolysis of

water and the precipitation of more acidic compounds than DAP such as MAP,

appeared to dissolve soil components resulting in the precipitation of aluminium

phosphates. In contrast Moody et al. (1995) showed precipitation reactions involving

calcium and magnesium were more important in the fixation of fertiliser P.

These differing results may in part reflect the experimental conditions under which the

measurements were taken. In one case, measurements were made four weeks after

fertiliser application on soil from an unspecified depth, at 19% soil water (Sample et al.,

1979), while in the other case, measurements were made predominantly on topsoils five

days after fertiliser application at 10 kPa suction (Moody et al., 1995). In the latter

experiment, DAP was shown to increase dissolved organic carbon in soil water. The

effects, if any, of these compounds on the activity and, consequently, the solubility of

phosphate compounds are unknown.

Predicting how much P will be exported directly from fertiliser in overland flow is

extremely difficult. The rate of P release from a fertiliser granule and its subsequent

reactions depend on both fertiliser and soil properties. There are only a few chemical

pathways by which fertiliser P is assimilated so it is possible, in a general sense, to
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predict the types of reaction products. But predicting the relative proportions of these

products and their subsequent reactions is extremely difficult. Many reaction products

are metastable and gradually transform into more stable and insoluble compounds,

while others dissolve incongruently with the release of soluble P, concomitant with the

formation of a less soluble phase.

In most acidic soils, DCP decomposes slowly. Taranakites and amorphous iron and

aluminium phosphates change to increasingly insoluble strengite-like and variscite-like

crystalline compounds (Holford, 1989). Phosphate, once adsorbed to the surface of

crystals, may penetrate the lattice and is not easily remobilised by water (Barrow,

1989b).

In neutral to alkaline soils, DCP dissolution is much slower, allowing formation of

octacalcium phosphate (OCP) and possibly colloidal hydroxyapatite. In some very

calcareous soils, OCP has been observed to form directly from MCP, while in other

soils varying in pH DCP has persisted unchanged for up to 26 months (Holford, 1989).

Liming of soil often increases P fixation, and may result in an improved residual value

of P (Barrow, 1980).

Soil is a complex medium where competing equilibria control inorganic chemical and

adsorption reactions. Add in the effects of biological organisms and organic

compounds, and the constantly changing physical environment (Robinson, 1942), and

the system is difficult to quantitatively model.

Phosphorus in overland flow

Phosphorus exports from different land uses have been widely studied (Dillon and

Kirchner, 1974; Sonzogni et al., 1980; Sharpley et al., 1981b; Kofoed, 1984; Sharpley et

al., 1987; Sharpley and Smith, 1989; Gregg et al., 1993). A summary of some key

studies of P export is presented in Table 4.

It is difficult to directly compare the results from the many P export studies as the

farming systems and experimental protocols vary. As a general rule, at the field scale
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the highest concentrations of P occur in overland flow, followed by macropore flow,

and finally, water that moves through pores in the soil matrix (Fleming et al., 1997).

This ranking is consistent with the level of interaction between water and the soil matrix

occurring in each pathway but clearly exceptions exist (Cox and Pitman, 2001).

There is less information available relating to the loads of nutrients exported in the

different pathways. While measuring the concentrations of nutrients in water is

comparatively easy (Rhoades and Oster, 1986; Sharma et al., 1996), the same is not true

for the volumes of water moving through different pathways. Often by necessity the

scale and design of studies pre-disposes them to particular results. For example, plot

studies (ca. <0.3 ha) have been used extensively to study nutrient export. While these

studies are extremely useful for investigating specific processes such as detachment

(erosion), their applicability at a landscape scale is questionable (Gburek et al., 1996).

Many processes, including sediment deposition, are scale dependent and the residence

time of overland flow in most plot studies would be very low compared with that in a

catchment, allowing less time for dissolution processes to occur. The methods used for

water measurement are also likely to alter the balance between nutrient export

pathways. For example, in some studies of water movement subsurface drains are used

to both prevent the movement of water into and onto the study area and to take water

away for measurement (Heng et al., 1991; Magesan et al., 1996). Such a system alters

the hydrology of the site increasing the likelihood of infiltration at the expense of

overland flow.

There is insufficient information to conclude that any one pathway is primarily

responsible for P exports from grazing systems at a catchment scale. Generally overland

flow contains higher P concentrations than matrix flow or macropore flow, but is only a

small portion of the rainfall applied to pastures. Considerable opportunity exists for the

export of P in larger volumes of less concentrated solutions through matrix flow and

possibly macropore flow.

In a number of field studies the differentiation between reactive P (especially

dissolved/filterable reactive P) and total P has provided useful information regarding P

bio-availability in receiving waters (Sharpley and Syers, 1979) and the processes

responsible for P mobilisation. Phosphorus is commonly analysed on the basis of
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filtration characteristics and reactivity in an acid-molybdate solution (Figure 7).

Phosphorus that passes through a 0.45 µm filter and is reactive in an ascorbic acid-

molybdate medium, defined as dissolved reactive P (DRP), is the most bio-available

form (Bostrom et al., 1988; Jansson, 1988). However, total P (TP) is probably the most

common measure of P in overland flow and could be considered the total amount of P

available to algae over the long term (Ryden et al., 1973; Bostrom et al., 1988).

In DRP measurement, the colour formation relies on the presence of orthophosphate,

hence DRP is often equated to inorganic P or orthophosphate. However, the DRP test

has been shown to overestimate orthophosphate concentrations due to the hydrolysis of

acid-labile P compounds (Burton, 1973; Broberg and Pettersson, 1988) and fails to

differentiate between orthophosphate attached to a carrier, be that a small particle

(colloid) or a ligand, and orthophosphate in true solution. Consequently, the DRP

measured in solutions is not necessarily all a product of dissolution processes.

From the standpoint of taking effective remedial action to reduce nutrient exports, the

distinction between DRP forms may be inconsequential. For example, vegetative filter

strips, commonly termed buffer strips (Hairsine and Grayson, 1993; Hairsine, 1996), are

mainly designed to physically remove particulate P from overland flow by

sedimentation (Figure 3). They are relatively ineffective in removing P present as

TDP/DRP from flowing water (Dillaha et al., 1988; Grayson et al., 1994).
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Table 4. Phosphorus exports from different land uses.

Year Country Pathways P exports
(kgP/ha yr )

Production
System

Scale Range TP
(mg/L)A

DRP/TPB

(%)
Reference/Author

1983 Australia Overland flow 0.22 Sheep grazing 15 ha 0.45 - 2.0 <70 (Tham, 1983)
1983 Australia Overland flow 0.02 - 0.45 Mown pasture Plots

10 x 4m
0.36 - 6.75 >50 Greenhill et al.

(1983b,c)
1985 Australia Overland flow 4 Grazed, irrigated

pasture
Bay 1.3 - 21.2 >50 (Small, 1985)

1985 Ireland Overland flow 0.4 - 2 Intensive grassland 6 ha 0.095 - 0.295 36-45 (Jordan and Smith,
1985)

1991 Australia Stream monitoring 1.0
1.1

Sheep grazing
Cattle grazing

130 ha
300 ha

<14
69

(Nelson et al.,
1991; Nelson et al.,
1996a)

1993 England Overland flow
Simulations

1.35 Heavily grazed
permanent pasture

Hillslope 0.4 - 9.4 <20 (Heathwaite, 1993)

1996 England Overland flow /
Lysimeters

3 Intensive grassland 1 ha
lysimeters

30 (Haygarth, 1996)

1996 England Undrained overland flow
Drained overland flow
Drainage

Intensive grassland 1 ha
lysimeters

0.026 - 1.773
0.010 - 0.892
0.010 - 0.605

40
50
31

(Haygarth, 1996)

1998 Australia Overland flow
Interflow
Overland flow
Interflow

1.28
0.02
0.08
0.009

Grazed cattle 2.2

2.6 ha

(Fleming and Cox,
1998)

A - Flow weighted mean B  - TP = total phosphorus, DRP = dissolved reactive phosphorus



52

Tracing phosphorus exports from land to water

Effective remedial action to reduce P exports relies on the accurate identification of P

mobilisation processes and the relative importance of P sources. While it may be

possible to trap particulate bound P (>0.45 µm) in buffer strips (Hairsine and Grayson,

1993; Hairsine, 1996), the same is unlikely to occur for dissolved P (Dillaha et al.,

1988; Dillaha et al., 1989; Grayson et al., 1994). In the latter case P export is best

addressed by limiting P mobilisation at the source.

Figure 7. Forms of phosphorus in water.
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Direct stable isotope tracing of P is not possible because it is mono-isotopic in its

natural state (Martin and McCulloch, 1999). Phosphorus can be isotopically labelled,

but as yet this technique has not been applied at a field scale, presumably for financial

and environmental reasons. Alternative techniques include using isotopic ratios of

oxygen to trace phosphate and other nuclides to trace sediments.

Anthropogenic nuclides 137Cs, 210Pb and 7Be have been used to investigate erosion

processes (Wallbrink and Murray, 1993; Wallbrink and Murray, 1996a). Other studies

have used strontium and neodymium to trace surface sediments (Martin and McCulloch,

1999). Both techniques trace P mobilised along with detached (eroded) sediments.

A difficulty with tracing the sediment carrier rather than the P itself is that P mobilised

by dissolution processes, possibly the majority of P exported from well-managed

grazing systems, attaches to sediment during transport (Sharpley et al., 1981b).

Consequently, the source of the P carrier recovered from a stream need not necessarily

reflect the original P source.

The isotopic composition of oxygen has been used to investigate phosphate inputs to,

and components of, aquatic ecosystems (Paytan, 1989; Markel, 1992). However, while

the oxygen signature of the phosphate source is generally maintained in simple

inorganic reactions at low temperatures, in biological reactions the signature is lost,

often within hours (Markel, 1992). The rapid isotopic equilibrium established between

the oxygen in phosphate and water in biological systems would appear to be a major

limitation to the use of this technology for determining the sources of P exported from

terrestrial systems.

Tracing P at farm and catchment scales is clearly difficult and has been restricted by the

limited number of elements and isotopes that are applicable. Organic marker

compounds (biomarkers) offer an alternative technology that may augment isotopic

techniques.
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Biomarkers and their properties

Using biological marker compounds or ‘biomarkers’ for tracking purposes is hardly a

new concept. Olfactory glands are an analytical system used by many organisms to

sense the chemical signatures of different prey. The accuracy and precision of modern

analytical systems have enabled this rather simple concept to be extended to a broad

range of applications including tracing pollutants, measuring changes in microbial

populations and investigating the geological history of oils and source rocks (Lin et al.,

1990; Leeming et al., 1994).

Biomarkers can be distinguished on the basis of their isotopic composition, three-

dimensional molecular structure or molecular composition. Isotopic composition is a

stable property of biomarkers that depends on the original isotopic composition of the

constituents, fractionation that occurs during uptake and biosynthesis of the molecule,

and the structure of the molecule itself (Eganhouse, 1997).

The three dimensional structure of compounds is the second feature that can be used to

distinguish compounds. Structural isomerism occurs where compounds with the same

molecular formulae have the atoms located in different positions. Stereoisomerism

occurs where compounds with the same molecular formulae and substitution pattern are

arranged differently in space (Eganhouse, 1997).

The molecular composition is the third and probably most important characteristic that

can be used to distinguish biomarkers (Eganhouse, 1997). Given the variety of organic

compounds, structural isomerism and potential changes in isotopic composition, the

range of biomarkers that may be applied to environmental investigations is massive.

Biomarkers can be used to trace materials either singly or in concert. Depending on the

application, a number of assumptions are required when using biomarker techniques. In

most tracing studies biomarkers are a subset of the source materials. For example,

coprostanol, a component of sewage, has been used to estimate the contamination of

aquatic resources by sewage (Nichols and Leeming, 1991; Nichols et al., 1996). The
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assumptions implicit in these types of applications are well reviewed elsewhere (Hedges

and Prahl, 1993).

Phosphorus exported in overland flow from grazing systems may be traced using

biomarkers containing P such as adenosine triphosphate (ATP) (Hussein and Adey,

1995), phospholipids (Zelles et al., 1992) and possibly nucleic acids. While such

biomarkers may be useful, they can originate from a range of biological sources and not

necessarily from the most important P sources. An alternative approach, using

biomarkers that do not contain P, requires a different series of assumptions (Table 5).

Table 5. Assumptions made when using biomarkers to trace phosphorus
transfer from organic materials on land to water.

Qualitative Applications                          Assumptions
I    Detection of source Biomarker properly identified

Biomarker sources known and unique
Ia  Detection of multiple sources Additional assumptions:

Biomarker concentration quantified with proportional
accuracy
Biomarker concentrations change proportionally during
transport or during chemical transformations in the
environment

Quantitative Applications                        Assumptions
II Estimation of relative source

contributions to total phosphorus in
sample

B/SA and P/SB are constant in the source implying BC is
proportional to PD for the test conditions
B/PE does not change between the source and monitoring
point

III  Estimation of phosphorus in a
      sample from biomarker
      concentrations

Additional Assumptions:
B/S and B/P in natural samples is known
B/S and B/P changes during transport are quantitatively
defined

A - B/S -source specific biomarker generation rates B - P/S - source specific phosphorus generation rates
C - B - biomarker concentration D - P - phosphorus concentration
E - B/P - biomarker/phosphorus ratio

In a Type I application, a single biomarker is used to qualitatively assess if a particular

source is contributing to material in water. The key attributes of a useful compound

would be that it is properly identified and source specific. Finding such a compound

confirms that the source in question is contributing material to overland flow. However,

the converse is not necessarily true. The compound may be transformed during transport

into an analytically unrecognisable form or physically removed from the water. The

decomposition of biomarker compounds is potentially a useful property in some studies

(White et al., 1997). Adenosine triphosphate (ATP) and phospholipids are components
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of living cells that are quickly decomposed in a soil system. Consequently the presence

of ATP and phospholipids in water has been used to differentiate between living and

non-living sources of material (Suberkropp et al., 1993).

A variation on a Type I application (Ia) is using biomarker ratios to infer contributions

from more than one source. The use of such ratios is well developed for comparing the

origins of organic matter in sediments (Hedges and Prahl, 1993). The additional

assumptions necessary if this technique were to be used for P are that the components

used for developing the ratio are quantified with proportional accuracy and have similar

transport properties. Accurate, quantitative extraction of these compounds from water is

not necessary for these applications. It is sufficient that the analytical scheme extracts

consistent proportions of the analytes. The second assumption necessary for this type of

application is that the ratio of analytes in the water reflects those generated at the source

and that the biomarker ratios are not altered during transport. One way of increasing the

probability that ratios will accurately reflect source materials is to use biomarker suites

for different sources (Hedges and Prahl, 1993).

In Type II applications, biomarkers are used to quantitatively trace materials such as P.

These applications require that the biomarker generation rates (B/S) and the P

generation rates (P/S) are constant and defined for a particular set of test conditions.

These assumptions imply that B and P are mathematically related and they need to be

for a particular test. However, as the biomarker or P generation rates may vary between

tests, linear proportionality, while desirable, is not a necessary condition. For example,

P generation rates from pasture plants appear to be a function of their water-soluble P

content. The water-soluble P content is in turn a function of the P status of the soil in

which the plants were grown (Bromfield and Jones, 1972). While the P generation rate

will be constant for any one test, it would be expected to vary between tests and could

potentially be estimated from the soil P status. Clearly there are cumulative errors that

are likely to occur as a result of using soil P to predict P generation rates, but the

opportunity for decreasing the overall variability in the resulting estimated source

contributions would appear substantial.

The second assumption necessary for the quantitative evaluation of P sources in a Type

II application is the non-discriminatory transport of both the P and the biomarker.
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Initially a most useful Type II application would be comparing changes in P sources.

For example, determining if altered management increased or decreased P exports from

specific sources in a predictable way. The ability to monitor such changes in source

contributions would be extremely useful in the development of better management

strategies at both the farm and catchment scales.

Type III biomarker applications allow the quantitative prediction of P exports. In

addition to the assumptions associated with the other applications, it requires that the

biomarker and P generation rates be known, along with any changes occurring during

transport. Clearly, this is the ultimate application of biomarker technology. At its most

basic level the contributions of P from different sources could be quantitatively

compared. For example, the impact of changes in land management on P generated

from different sources could be quantitatively compared. More advanced applications

could include prediction of P generation from different land uses at the field scale, and

possibly the catchment scale, leading to the development of process-based models for P

export.

Potential biomarker compounds

Lipids

Lipids are a heterogeneous class of substances that include fats and oils. The

predominance of carbon-to-carbon and carbon-to-hydrogen bonds results in an

essentially non-polar structure unlike anionic orthophosphate. Lipids are characterised

by being sparingly soluble in water but highly soluble in non-polar organic solvents

such as n-hexane. Lipids tend to be organism specific containing variable length,

branched, hydrocarbon chains, including cyclic hydrocarbons, and a range of functional

groups.
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Sterols

Sterols are a group of compounds produced in plants and animals. Often referred to as

triterpenoids, sterols are formed by the cyclisation of the C30 isoprenoid hydrocarbon

squalene. Sterols are widespread in nature having important biological functions. For

example, sterols are important membrane components in eukaryotic organisms and

contain structural features that can be unique to specific groups of organisms (O'Leary

et al., 1994). On the death of the organism these sterols are released from the detrital

material.

Sterols belong to the class of compounds that have the general structural formula

depicted in Figure 8. Despite this basic structure, numerous variations exist through

different levels of unsaturation (C5, C7, C8) and the addition of different functional

groups to the polycyclic nucleus such as methyl-substitution at C4 and C14 (Jones et al.,

1994).

Figure 8. Generalised structural formulae of steroids.

Coprostanol and ergosterol are two of the many sterols commonly used in tracing

studies (Nichols et al., 1996). Coprostanol is a lipophilic sterol used to identify faecal

pollution (Christie, 1989; Nichols and Leeming, 1991; Leeming and Nichols, 1996). It

is formed during the hydrolytic degradation of cholesterol (Nichols and Leeming, 1991)

when the double bond between C5 and C6 in the second hexane ring is hydrolysed

(Figure 9).
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Figure 9. Conversion of cholesterol to coprostanol.

While only trace amounts of cholesterol are found in plant tissues, it is an important

membrane component of animal cells (Christie, 1989). Consequently, cholesterol is

present in the faeces of meat eating animals and on passage through the digestive tract

(gut) some is converted to coprostanol (Rosenfeld and Gallagher, 1964; Rosenfeld et al.,

1967; Rosenfeld and Gallagher, 1971; Martin et al., 1973).

In an aerobic aquatic environment lipophilic faecal sterols such as coprostanol degrade

in one to two weeks (Kirchmer, 1971). However, they are strongly bound to particulate

matter (Hatcher and McGillivary, 1979) and their degradation is limited once they are

deposited in sediment (Bartlett, 1987; Mayer, 1993). These properties make coprostanol

in sediments a useful biomarker for investigating the spatial and temporal distribution of

faecal pollution in aquatic environments, albeit that coprostanol may not be entirely

source specific (Sherblom et al., 1997)

Faeces are source specific due to sterol intake and metabolic production and

conversions in the digestive tract. Examination of sterol profiles from animal faeces in

urban or rural catchments, for example sheep, dogs, cats, pigs and birds, indicated

differences between warm-blooded animals. Therefore, it should be possible to use

differences in sterol profiles between animals to distinguish sources of faecal pollution

in aquatic environments (Leeming et al., 1995). Two biomarkers, 24-ethylcoprostanol

and 24-ethylepicoprostanol are currently used to differentiate between pollution caused

by herbivorous species and humans. Much higher concentrations of both biomarkers are

found in herbivorous than in human faeces (Leeming et al., 1994).
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Ergosterol is a dominant fungal sterol that has been used as a biomarker for fungal

invasion of organic materials. Ergosterol is thought to increase the microviscosity in the

phospholipid bilayer of the fungal membrane (Anderson et al., 1994) and has been used

as a biomarker for predicting fungal biomass (Bermingham et al., 1995).

Ergosterol degrades in soil extracts exposed to sunlight within 5 days, although standard

solutions are stable for longer (Anderson et al., 1994). Anecdotal evidence suggests

sterols such as ergosterol may be more labile than the ∆5 sterols. Additionally ∆5

sterols, (i.e. carbon-carbon double bond at carbon 5) such as cholesterol and 24-

ethylcholesterol, and their stanols such as coprostanol, have been shown to degrade at

the same rate retaining their source profile (Leeming and Nichols, 1996).

As biomarkers for P, sterols appear to have a number of useful attributes. Both plant and

faecal materials contain source specific sterols. Unfortunately, if sterols are not

decomposed in soil, their source specificity at a farm scale would be questionable,

limiting their use to catchment studies where land uses are being compared. The source

specificity could be enhanced using additional markers for soil organic matter and

partitioning the sterols between different sources.

Since sterols are likely to be transported attached to colloidal material, their value in

Type II and III applications depends on how P is mobilised and the subsequent transport

processes. For example, sterols may be more applicable to the study of macropore flow

(Booltink and Bourma, 1991) under faecal deposits than overland flow.

Hopanoids

Hopanoids are triterpenoids that have the general structural formula characterised by an

interlocking pentacyclic (5-ring) structure consisting of 1-cyclopentane (5-carbon) and

4-cyclohexane (6-carbon) rings (Figure 10). Like sterols, hopanoids exhibit

considerable structural diversity particularly in the pattern of substitution and

unsaturation in the side chains. However, hydroxyl and amino group substitution occurs

in the side-chain in hopanoids compared with methyl- and ethyl-substitution in the side
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chains of sterols. Hopanoids are found in some, but not all bacteria and higher plants,

and are rare in eukaryotic algae and absent in animals (Jones, 1993).

Figure 10. A typical hopanoid structure (methyldiplopterol).

Hopanoid biomarkers are used extensively in geochemical studies where, due to their

stability, they indicate the biological source of organic matter in both recent and ancient

sediments. The chemical transformation of hopanoids is also used to determine some

aspects of oil maturation (Summons, 1989, 1993).

The sources of hopanoids appear largely unrelated to expected P sources in grazing

systems. Since the chemical similarities between sterols and hopanoids suggest that they

have similar transport mechanisms, hopanoids may be useful for studying the transport

of other cyclic hydrocarbons such as sterols. Additionally, hopanoids may be used for

tracing P sources where particular microbial species are prevalent. For example,

hopanoids in cattle faeces may reflect rumen microorganisms and hopanoids in overland

flow may reflect the species using faeces as substrate.

Phospholipids

Phospholipids, also called phosphatides, are biologically important organic phosphate

esters. Most are constructed by combining two fatty acid molecules and one phosphoric

acid (H3PO4) molecule with glycerol. The phosphoric acid may in turn be esterified with

other compounds such as carbohydrates and certain nitrogen containing alcohols such as

choline. The position of the phosphate group in phospholipids can vary but the

OH
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phosphate-residue contains an acidic group (OH) that can ionise in neutral or alkaline

solutions (Anderson, 1980).

The total quantity of phospholipids found in soils is small, 0.2 to 15 mgP/kg of soil,

representing less than 5% of the organic P fraction (Scott et al., 1995). Examination of

extracted soil material by liquid chromatographic techniques has indicated that

phosphatidyl choline and phosphatidyl ethanolamine (cephalin) are probably the

dominant phospholipids (Scott et al., 1995).

Phospholipids are a basic structural element in the membrane of living organisms that

are not found in storage lipids or anthropogenic contaminants (Zelles et al., 1992; Scott

et al., 1995). They are present in bacteria as a relatively constant proportion of their

biomass and due to their structural diversity are particularly useful as biomarkers for

specific microorganisms (Zelles et al., 1992). Further, as phospholipids are typically

degraded within hours following cell death, they are an excellent biomarker for

quantifying viable cells and living biomass (Anderson, 1980).

Phospholipids have a number of useful attributes. Apart from directly contributing to P

in water, phospholipids may be useful for identifying microbial communities associated

with particular P sources or estimating P contributions from specific plant species.

Potentially the most important attribute of phospholipids is that they may be transported

in solution. Non-polar lipids such as sterols are likely to be transported in association

with colloidal material. While the same may be true in the case of phospholipids, the

hydrophilic and hydrophobic (lipophilic) sections of the molecule have been shown to

display different properties in water. The hydrophilic sections dissolve in water while

the hydrophobic components bind to non-polar materials forming micelles, or in their

absence, cluster together in groups (Richards et al., 1967; Morrison and Boyd, 1987).

This charge duality of phospholipids accounts for their similarity to soaps and

detergents and the alignment of phospholipids in cell membranes.

Phospholipids are one of the few biomarkers that may be transported independently of

colloids in overland flow as a result of micelle formation. Consequently, phospholipids
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may be useful for tracing P that may be chemically dissolved in water, such as

orthophosphate.

Sulfonolipids

Sulfonolipids have been used to identify bacteria belonging to the genera Cytophaga

and Flexibacter. A unique sulfonate-containing lipid present in the outer membrane of

the gliding bacteria is deposited in soil (Drijber and McGill, 1994). The first-order

decay constant for sulfonolipids is smaller than the average decay constant for the labile

fraction of cell walls in soil, suggesting that their presence reflects viable cells (Drijber

and McGill, 1994). From the limited data available it is difficult to see where this class

of compounds would be superior to other biomarkers for P.

Alkanes

Alkanes are components of plant cuticular waxes that have been used extensively for

studying animal nutrition (Mayes and Lamb, 1983; Mayes et al., 1986a; Mayes et al.,

1986b; Dillon and Stakelum, 1994, 1997) and identifying the sources and ageing of

petroleum deposits (Bourbonniere et al., 1997; Volkman et al., 1997). The

predominance of n-alkanes with odd-numbered carbon chains in vascular plants, and in

particular C29 (nonacosane), C31 (hentriacontane) and C33  (tritriacontane) in pasture

plants, are useful attributes for such studies. The unique distributions of alkanes in

different pasture plants have been used to quantify the proportions of particular species

in the diet of grazing ruminants (Dove and Mayes, 1991; Robaina et al., 1998).

At a farm scale alkanes would appear to be of limited value for tracing P compared to

other biomarker groups. Like most non-polar hydrocarbons, alkanes are unlikely to be

transported in solution restricting their value for tracing soluble materials. Further, as

alkanes are components of both humic materials and decomposing vegetation and they

are not rapidly decomposed in soil (Volkman et al., 1997), their source specificity is

questionable at a farm scale. However, at a catchment scale, the alkane signatures of

different plant species may be useful for distinguishing between sediments and nutrients
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derived from different land uses, especially if used in conjunction with isotopic tracing

techniques.

Tracing the origins of phosphorus in water

The transfer of P from land to water is an important issue that needs addressing at both

farm and catchment scales (EPA, 1995; Goulburn Broken Water Quality Working

Group, 1996). At a farm scale, identifying the sources of P and their relative importance

is a prerequisite to the development of better management practices. At a catchment

scale, identifying the relative contributions of different land uses to the nutrients in

aquatic environments will assist land use planning and the implementation of remedial

measures.

Due to their diversity, biomarkers appear to be useful both as an extension of the current

suite of isotopic techniques used for tracing sediments and P derived from detachment

(erosion) processes, and for tracing P derived from some dissolution processes. As

overland flow “from grass or forest land carries little sediment and is dominated by

dissolved P” (Sharpley et al., 1994) it is in tracing P derived from dissolution processes,

where there are few alternatives, that biomarker technology may be most useful.

Tracing phosphorus derived from detachment processes

The use of isotopic techniques for determining the source of sediments and associated P

is well developed at a catchment scale (Wallbrink, 1993; Wallbrink and Murray, 1993;

Wallbrink and Murray, 1996b; Wallbrink and Murray, 1996a; Martin and McCulloch,

1999). Analysis of sediment mineralogy can enhance the precision of the technique

(Wallbrink and Murray, 1993). While perhaps a minor consideration in many erosive

environments, the applicability of stable isotope techniques to trace P derived from

eroded organic materials, such as decaying vegetation or faeces, is clearly questionable.

Biomarkers appear to have a number of useful attributes for tracing sediment and

associated P sources. At a farm scale, biomarkers such as sterols might be expected to

attach to inorganic sediments (Leeming et al., 1995) in which case the sterol profile may
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be used to identify the sediment source, for example, surface soil or sediment from

tracks. Organic sediment sources could similarly be identified from their biomarker

profile.

At a catchment scale, biomarkers could increase the precision of current tracing

techniques. While mineralogy and stable isotope techniques identify the source of

sediments, biomarkers may distinguish between different land-uses in otherwise similar

landscapes. For example, faecal sterols and alkanes extracted from sediments may be

used to determine the proportion of the sediment and the associated P from grazing, as

opposed to forest industries, especially where surface detachment (erosion) is prevalent.

Tracing phosphorus derived from dissolution processes

Isotopic tracing techniques that identify the source of sediment rather than the P

attached to it are likely be in error where P is mobilised by dissolution processes and

attaches to sediment during transport. It had been hoped that oxygen isotopic ratios in

phosphate extracted from water could usefully differentiate between dissolved P sources

(Donnelly et al., 1998). However, in aquatic environments, biological reactions

accelerated by enzymes establish an isotopic equilibrium between the phosphate and the

water within a few hours (Markel, 1992), a severe limitation to the applicability of the

technique.

It has been hypothesised that P derived from fertiliser may be traced using water-soluble

contaminants, such as strontium, that are extracted from fertiliser granules (Martin and

McCulloch, 1999). However, these techniques are yet to be validated.

The possibility that much of the P transferred from grazing systems in water is of

organic origin suggests that biomarker technology may help trace P in these systems,

particularly in Type I applications. The apparent relationships between P and organic

carbon noted in some studies of nutrient export adds weight to this argument (Schreiber,

1985; Schreiber and McDowell, 1985; Nelson et al., 1996a).
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CHAPTER 3 - Phosphorus export from grazed pastures
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Introduction

Background and objectives

During the early 1990’s excessive P contributed to toxic blue green algal blooms in the

estuarine lakes and domestic water storages in Gippsland (EPA, 1995). ‘Best

Management Practices’ were introduced to help decrease P exports from grazed

pastures (Waters, 1996). Most of these practices were based on the assumption that P

was carried to streams attached to soil particles >0.45 µm in size (Government of

Victoria, 1995).

In winter and early spring, when most overland flow occurs in Gippsland, a good grass

cover (>90% ground cover) is maintained on well-managed pastures. Interception of

raindrops and the slowing of overland flow by the grass would severely limit the

detachment and transport of soil particles. Detachment (erosion) would therefore be

expected to make a minor contribution to the P in overland flow compared to

dissolution processes.

When this project commenced few detailed studies had been conducted to test this

hypothesis. Overland flow from gently sloping sheep pastures in southern Victoria had

been studied (Tham, 1983). The TP concentrations exported in mainly winter storms

were highly variable and may have been related to a range of physical factors. However,

up to 70% of the TP was dissolved and was reactive in an ascorbic acid/molybdate

medium (DRP). This occurred despite suspended solids concentrations of up to 2500

mg/L that would be expected to decrease DRP concentrations.

At a smaller scale, P exports from mown plots receiving 4 rates of phosphatic fertiliser

at three sites in the Gippsland area had been measured (Greenhill, 1982; Greenhill et al.,

1983b, c, d). Dissolved reactive P (DRP) comprised up to 91% of TP exported from the

control plots that received no fertiliser.

The field study reported in this Chapter was designed to determine the relative

importance of detachment (erosion) and dissolution processes in mobilising the P
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exported in overland flow from pastures. A secondary aim of the project was to

determine the impact of land management on P exports. A monitoring approach was

adopted where, using the general framework of an operating dairy farm, the aim was to

measure a range of variables and piece together a picture of what was happening,

recognising that it was difficult, if not impossible, to attribute cause and effect. It was

expected that the results of the study would help define the problem and identify where

management intervention could have the biggest impact in reducing P exports.

General design methodology

Many experimental techniques have been used to investigate P mobilisation and

transport processes. Field hydrology and specific field-scale pollutant mobilisation

processes have been modelled in the laboratory using repacked soil cores (Nelson et al.,

1998; Shaw and Burns, 1998) and boxes (Ahuja, 1982; Ahuja et al., 1982; Ahuja and

Lehman, 1983; Nelson et al., 1998; Shaw and Burns, 1998). The uniformity of the

medium minimises variation between replicates thereby simplifying experiments.

However, the preparation of the medium alters the physical and biological attributes

compared to field soils and makes quantitative extrapolation to field environments

difficult.

Lysimeters containing soil monoliths have been used to study hydrology and pollutant

mobilisation for over 150 years (Howell et al., 1991). These ‘undisturbed’ soils retain

most of the natural structure and pore size distribution, and some of the biological

components found in the field. However, problems with the preferential flow of water

and solutes in the cavity between the monolith and lysimeter wall (McNeal and Reeve,

1964; Tokenuga, 1988) and the natural variation in soil structure have tended to limit

the use of lysimeters, particularly those with a smaller surface area. In recent years,

improved design (Cameron et al., 1990; Cameron et al., 1992; Fuhr et al., 1998) has

increased the value of lysimeters in studying one-dimensional vertical flow and solute

transport in both saturated and unsaturated soils. However, as in the case of repacked

media, quantitative extrapolation from these experiments to field environments is

difficult.
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Plots are another important method used to investigate the mobilisation of pollutants.

Ranging from ca. 1 m2 up to 100 m2 or more, plots are distinguished from lysimeters

and repacked soils by not being totally hydrologically isolated from their surroundings.

In their simplest form, plots are small areas of soil divided by surface barriers that

provide a relatively inexpensive way of studying field-scale processes, especially

surface soil hydrology, under controlled conditions. Our primary understanding of

detachment processes, for example, has been largely developed through the use of field

plots and repacked soil subjected to artificial rainfall (Loch and Donnollan, 1982; Loch

and Foley, 1992).

For plots, the ‘hydrologic response time’ (also called ‘time to equilibrium’ or ‘time of

concentration’), defined as the time taken for water from the furthest point of the plot

(as determined by path length rather than physical length) to reach the monitoring point,

is relatively short (Lettenmaier and Wood, 1992; Dingman, 1994). Consequently, under

natural rainfall, the hydrographs for plots have a short time-span compared to an

equivalent event measured at a field scale (Dingman, 1994). In addition, the intensity of

natural rainfall generally declines logarithmically with time (Smith, 1992). As an

approximation, the peak flow is proportional to the rain intensity for the period over

which the entire catchment, in this case the plot, is contributing to flow. Consequently,

peak flows per unit area from a plot are disproportionately greater than from a field. The

short, intense flows from replicated plot-scale experiments, especially when coupled

with the turbulence created by raindrop impact at higher rain intensities, are useful for

comparing detachment (erosion) treatments (Ahuja, 1986). However, while the

principles developed at the plot scale generally apply at the field scale, quantitative

extrapolation from plot to field scale is difficult (Beven, 1995; Bloschl and Sivalapan,

1995). In part, this reflects the spatial and temporal variation in rainfall, soil and

consequent flow characteristics, which cause both detachment and sedimentation to

occur simultaneously at different positions in the same landscape.

Plots have less often been used to study dissolution processes. The kinetic energy of the

overland flow that enhances detachment shortens the time that soil and water are in

contact, minimising dissolution. In addition, both in-stream (Sharpley et al., 1981b) and

in-sample (Haygarth et al., 1995) processes convert dissolution products (<0.45 µm) to

particulate forms (> 0.45 µm) masking dissolution processes.
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Field-scale monitoring has been widely used to investigate dissolution and detachment

of pollutants and their transport. Unlike plots where the hydrological properties of

replicates are essentially uniform, and catchments, where channelled flow is in

evidence, field-scale monitoring sites have variable hydrology often necessitating the

use of different statistical techniques (Cooke et al., 1995; Haygarth et al., 1995; Clausen

et al., 1996). Field-scale monitoring sites vary in area up to many hectares and the

longer period of contact between water and soil at the field scale compared to the plot

scale allows for greater expression of dissolution processes (Dingman, 1994).

The greater expression of dissolution processes observed in field scale as compared to

plot-scale experiments does not apply as the experimental unit is enlarged from the field

scale to the catchment scale. At a catchment scale run-on increases water depth (Chapter

1, Equation 3) and, as a consequence, the kinetic energy of both overland and channel

flow, thus enhancing the expression of detachment processes.

Most field-scale monitoring studies involve some modification of the system being

studied. Where load determinations are important, surface and subsurface drains are

often used to define the area from which pollutants are mobilised. By draining the

subsoil and preventing run-on these drains would be expected to increase infiltration

and decrease overland flow. Similarly, monitoring systems that use drains to measure

pollutant flows in subsoil tend to increase lateral flow and infiltration at the expense of

overland flow. This effect is exacerbated where weirs or flumes that pond water are

used for overland flow measurement.

It would appear that there is an optimum scale to study the different P mobilisation

processes. Plots emphasise detachment from the soil/pasture interface. Field-scale

monitoring optimises the conditions for dissolution from the grazing surface, allowing

for some sedimentation. Catchment monitoring integrates the processes occurring on the

pastures with those that occur in channels. Consequently, field-scale monitoring was

chosen for this study. It was recognised that because dissolved P can adsorb to

sediments in transit, a finding that P was primarily transported in a particulate form

(>0.45 µm) would not necessarily confirm that detachment was the primary

mobilisation process. On the other hand, a finding that most P was in a dissolved form

would indicate that dissolution was the primary mobilisation process.
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The choice of a ‘paddock’ or field-scale investigation yielded the additional advantage

that the results were relevant to the scale at which remedial strategies would be

implemented. The study therefore had practical relevance and was used as part of a

concurrent extension program with farmers.

Materials and methods

Catchment

A 3.6 ha field at Darnum in the West Gippsland region of Victoria was used for this

study (Figure 11). The field is representative of areas used for dairy production on the

plains of the Latrobe River that services the Gippsland Lakes. The average rainfall for

the area of ca. 1000 mm/year occurs mostly between May and November which

overlaps the period of minimum evaporation between May and September (Swan and

Volum, 1984). The pasture was part of a 120 ha farm on which approximately 350 dairy

cows grazed. The field was predominantly perennial ryegrass (Lolium perenne, cv.

Ellett) and white clover (Trifolium repens, cvv. Pitau and Kopu,) and accumulated an

estimated 12 t dry matter per hectare annually.

Approximately half the field (ca. 1.8 ha) drained to a natural depression on the southern

boundary where a culvert conveyed the water away (Figure 11). Overland flow entering

the depression was diverted to a monitoring point by a galvanised iron diversion wall

buried 75 mm into the soil. A field with this topography was chosen in order to

minimise the length of channel flow as compared to flow across the grazing surface.

High traffic areas such as gates and water troughs were located outside the water

collection area. In order to compare P species without modification of the inflow

characteristics, the field was not hydrologically isolated at the start of the study in 1994.

However a surface drain was installed in 1995 that diverted overland flow from further

up the catchment away from the collection area. The installation of the drain facilitated

calculation of approximate loads by defining the collection area. However, it should be

noted that sub-surface interflow from other areas most probably contributed to the
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estimates of overland flow volume and load, and may have influenced the P

concentration data.

Soil in the field was classified as Boolarra Loam (Poutsma and Turvey, 1979), a yellow

podzolic soil (Stace et al., 1968), Dy3.41 (Northcote, 1979) and Haplustults (United

States Department of Agriculture, 1998). The soil consisted of a fine sandy loam A

horizon overlying a light to medium clay at ca. 750 mm. The soil P status, measured by

the Olsen method (Rayment and Higginson, 1992), increased over the 7 years of

monitoring (1994 - 2000) from 17 to 57 mg/kg (0 - 100 mm). Selected chemical

properties of the surface soil are presented in Table 6.

Table 6. Surface soil characteristics (0 - 100 mm) of the Darnum monitoring
site.

CharacteristicA Value
pH(water) 5.9
pH(CaCl2) 5.1
Exch. Al (mg/kg) <10
Electrical conductivity
(dS/m, 1:5, soil: water)

0.127

Olsen P (mg/kg) 17-57
Skene K (mg/kg) 228
Available S (mg/kg) 7
Organic matter (%) 5.2
P Buffering 1996 (mgP/kg) 11
P Buffering 2002B (mgP/kg) 22
Exch. Ca (cmol(+)/kg) 7.1
Exch. Mg (cmol(+)/kg) 0.9
Exch. Na (cmol(+)/kg) <0.1
Exch. K (cmol(+)/kg) 0.3

A - Methods - pH /EC (Rayment and Higginson, 1992) 4B2
Olsen P (Rayment and Higginson, 1992) 9C2
Skene K (Rayment and Higginson, 1992) 18B1
Organic matter (Rayment and Higginson, 1992) 6A1
Exchangeable cations (Rayment and Higginson, 1992) 15D3 (ammonium acetate)
Available Al (Rayment and Higginson, 1992) 15G1 (1M KCl extract)
Available S (Peverill, 1976)
P buffering capacity (Rayment and Higginson, 1992) 9J1, at 5 mgP/L equilib. conc.

B - Following cultivation

Site management

The field was managed as part of normal farm practice with fertiliser application rates

and timing at the farmer's discretion. In general fertilisers were applied as split

applications in autumn and spring with application rates significantly higher than the
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district average of ca. 30 kgP/ha (Macalister Research Farm Co-Operative Ltd., 1998) in

most years. The field received 60, 80, 110, 110, 83, 66, 16, 0, 0 and 0 kgP/ha annually

from 1993 to 2002. During this period Olsen P (0 - 100 mm) increased from 17 mgP/kg

in 1994 to 59 mgP/kg in 1998 and decreased to 47 mgP/kg after cultivation in 2002.

Fertiliser was applied using a trailing spinner and fertiliser application rates were

estimated from the area of application and total amount of fertiliser spread.

Figure 11. Topographic map of the Darnum monitoring site.

The grazing schedule was determined by the farmer and depended on the availability of

feed and fodder reserves. The site was harvested for silage twice during the monitoring

period and due to its proximity to the milking shed was often used as a night paddock

(i.e. field grazed overnight) in winter and occasionally as a sacrifice paddock (i.e. field

used to confine stock fed conserved pasture) in late summer.

Sampling program and chemical analyses

The site was instrumented in the autumn of 1994 with a diversion wall, a 150 mm RBC

flume (Clemmens et al., 1984) 457 mm rectangular weir combination and an ISCO

(ISCO Inc. Lincoln, NE) storm monitoring system comprising a Model 3700 automatic

sampler, Model 3230/4230 bubbler flowmeter and Model 674 rain gauge. The RBC
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flume was chosen to minimise the change in head with increasing discharge rates while

retaining measurement precision at lower flows. To minimise possible biases, a

vertically integrated water sample was taken using a self-elevating strainer. Water

sampling was flow-integrated (i.e. every 8000 - 16000 L) to maximise sampling

frequency at higher flow rates when greater P loads were expected. Stage samplers with

an inlet 25 mm above the soil surface and 150 mm from the flume inlet were used to

determine P loads for two minor storms.

Infrequent, perched water tables were sampled using piezometers to a depth of 800 mm.

The P concentrations in sub-surface water were generally two orders of magnitude

lower than those measured in surface flow and are not reported.

Water samples were filtered if necessary, returned to the laboratory and tested for both

dissolved reactive P (DRP) and total reactive P (TRP) within 12 hours of sampling.

Most filtered and unfiltered samples were then stored below 4°C and analysed for total

dissolved P (TDP) and total P (TP) within 5 days. The samples that could not be

analysed for TDP and TP within this period (<10%) were frozen at -20°C until

processed.

Dissolved P samples were prepared by filtration through a 0.45 µm Millipore filter

(Cat.No.HVLP04700; Millipore Corporation, Bedford, MA). In order to maintain

uniformity with similar experiments elsewhere, a 0.45 µm rather than 0.22 µm filter was

used to delineate between dissolved and particulate fractions (Clesceri et al., 1992).

Samples used for TP and TDP analyses were prepared by persulphate digestion

(Clesceri et al., 1992). An ascorbic acid method (Clesceri et al., 1992) and a Cary 1E

UV\Visible spectrophotometer (Varian (Australia) Pty.. Ltd., Melbourne) or a Lachat

QuikChem 8000 (Lachat Instruments, Milwaukee) flow injection system both at 880 nm

were used for P analysis. The P measured in the samples prior to digestion was defined

as reactive P (Clesceri et al., 1992).

Total dissolved solid (TDS) concentrations were determined by filtration of the sample

through a 0.45 µm Millipore filter followed by evaporation at 110°C (Clesceri et al.,

1992). Total solids (TS) were determined by similar evaporation of the unfiltered
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sample. Electrical conductivity (EC) of the unfiltered sample was determined using a

conductivity meter.

Ground cover was initially estimated using both quadrat cuts and visual estimates.

Herbage greater than ca. 10 mm above the soil surface was recovered from quadrats

(0.25 m2) at 10 randomly selected locations in the field on a weekly basis. A plot of

mean pasture mass against time indicated that this measure was highly variable and

poorly related to ground cover estimated using vertical photography. It was also

excessively time consuming. As a consequence quadrat cuts were discontinued after two

months and only the visual estimates of ground cover are presented in this thesis.

Statistical methods and modelling

The statistical analyses for this study were undertaken in 3 phases. In the first phase the

1994 data that included the 4 most intensively sampled storms were examined for

within-storm variation graphically and using linear regression with S-PLUS Version 3.2

(Mathsoft. Inc., Copyright AT&T). A few (at most 2) atypical points at the

commencement of storms were excluded from the regression analyses. The combined

data from all 4 storms were analysed using relatively simple models such as Equation 8

that included a logarithmic transformation of some terms. Residuals were examined

graphically to check that data were distributed normally with constant variance.

Equation 8 log10(TP) = κi + β1×(Flow) + β2×log10 (Time) + β3×log10(Time)2

where: κi, β1, β2, and β3 are constants;

TP = Total phosphorus;

Flow = Flow rate;

i = 1, 2, 3 and indexes storm; and

time = time since commencement of flow;

In the second phase of the analyses (1994 - 1996 data) a combination of Trellis graphics

(Cleveland, 1993) and modelling techniques, including generalised additive modelling

(Hastie and Tibshirani, 1990), were used to identify relationships between total P (TP)
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and potential explanatory variables. Trellis graphics generated scatter plots of data

within sub-ranges of other variables. The generalised additive models included

smoothing splines (Hastie and Tibshirani, 1990). Essentially these are flexible (piece-

wise cubic polynomial) regression curves that adapt to the data. These graphical and

modelling tools allowed examination of relationships between TP and other variables

without a need for specific assumptions concerning the parametric (i.e. linear) form of

these relationships as would have been required using conventional multiple regression.

Total P (TP) data residuals were right-skewed after initial modelling and so TP data

were transformed for subsequent analysis. A generalised additive model for ln(TP) was

defined that included cubic spline terms for days since fertilising (DF), days since

grazing (DG), total flow (TF) and sampling date. To visually examine the nature and

relative strengths of these relationships, while minimising interference from other

variables, each term in the model was graphed along with the ln(TP) data adjusted for

the remaining model terms. For each term these adjusted data were calculated as ln(TP)

minus the estimated spline effects of the other fitted terms, and were thus equivalent to

the partial residuals (Hastie and Tibshirani, 1990) plus the grand mean of ln(TP).

The log2 scale was used for graphical presentation of TP so that each unit on the scale

represented a doubling of TP. This facilitated visual appraisal of half-lives.

Graphs of adjusted log2(TP) against explanatory variables suggested that several of the

relationships could be linearised by transformation of the explanatory variables. This

was confirmed graphically. Applying the transformation the following multiple linear

regression model was fitted to the data:

Equation 9 ln(TP) = κi + β1× ln(DF) + β2× ln(DG) + β3× ln(TF)

where: κi, β1, β2, and β3 are constants; and

i = 1, 2, 3 and indexes year.

Again residuals were examined graphically to check for distributional normality and

constant variance.
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Analyses of the 1994 - 1996 data were performed using S-Plus Version 4.5 (1997) and

GenStat (GenStat 5 Committee, 1998) and it is of note that this was the only period in

which DRP and TRP were measured.

The final phase of the analyses included data from 1994 - 2000. The techniques and

software used in this final phase were similar to those used in Phase 2. However, as

discussed in the Results section an alternate model (Equation 10) was fitted that was

mathematically consistent with a conceptual, ‘base-plus-increments’ model of P exports

and total flow (TF) having a dilution effect on TP.

Equation 10 α

κλβλβ
TF

DGDF
TP iGGFF +×−+×−

=
)exp()exp(

where: κi, βF, βG, λF, λG and α are constants; and

i = 1 - 7 and indexes year.

Results and discussion

Phase 1 - Within-storm variation, 1994

Rainfall was well below average for much of 1994. Overland flow from the Darnum site

was restricted to a 3-month period in late winter and spring. A single storm system over

8 days in early November accounted for 56% of the total overland flow volume and

69% of the TP exported (Table 7). Total overland flow of 0.660 ML had an average TP

concentration of 5.2 mgP/L that compared unfavourably with the 0.065 mgP/L target for

Gippsland streams in this area (EPA, 1995).

Most P (93%) passed through the 0.45 µm filter and 91% was reactive in an ascorbic

acid/molybdate medium, without digestion; 89% of the P was both reactive in the

ascorbic acid/molybdate medium and in the <0.45 µm fraction (Table 8). There was no

apparent relationship (P>0.05) between P concentration and ground cover, supporting

the contention that detachment was not the major process by which P was mobilised.
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The P concentration data from the Darnum site are consistent with similar studies both

in Australia (Greenhill et al., 1983b, c; Tham, 1983; Small, 1985) and overseas (Tunney

et al., 2000), and modelling of the catchment (Grayson and Argent, 2002). For example,

concentrations of up to 21.2 mgTP/L have been measured in drainage from irrigated

pastures in Australia (Small, 1985) and up to 6.8 mgDRP/L measured in overland flow

from grazed pastures in Ireland (Tunney et al., 2000).

In the context of farming in Gippsland the fertiliser application rates at Darnum were

probably excessive. The farmer's objective was to achieve an Olsen P of between 55 and

60 mg/kg (S. Tweddle, pers. comm., December 2000). While not documented, in 1994

many farmers perceived that an Olsen P in excess of 55 mg/kg could be economically

justified. Today, 25 mg/kg is the Olsen P target for these systems and the recommended

fertiliser application rate for maintaining pasture growth for this soil type is

approximately 20 kgP/ha (Department of Natural Resources and Environment, 2002). It

follows that P exports from the Darnum site would be at the higher end of expectations

for similar farms in this region where less fertiliser had been applied.

Adsorption of P by the Darnum soil would be expected to reduce the P concentrations in

overland flow. Adsorption to the exchange complex would be expected to reduce

concentrations and long-term fixation processes would be expected to reduce P

availability. Phosphorus concentrations in overland flow from this site would suggest

neither process was particularly effective. Phosphorus adsorption data for surface soil

from Darnum (Figure 12) and the change in Olsen P following fertiliser application (i.e.

1 mg/kg Olsen P change for each 7.2 kgP/ha above maintenance between 1994 and

1998) both suggest the P buffering capacity was low (L. Burkitt, pers. comm.,

November 2002). The apparent increase in buffering capacity between 1996 and 2002

(Table 6) probably reflects the mixing of surface soils with lower layers as a result of

the cultivation that occurred when a summer fodder crop was grown.

Contexting the data from the Darnum site is difficult because there are few historical

data, especially relating to storm periods, which can be used as a comparison. There is

little doubt that this area is a major source of P for the Latrobe river (Grayson et al.,

1994). However, Darnum, like many lowland areas, drains through a dam into a peat

based Tea-Tree swamp. Consequently, the immediate effects on the river of agricultural
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production on this recently cleared land (i.e. <30 years) is uncertain. It could be

assumed that under base flow conditions P concentrations (i.e. ca. 15 - 45 MgTP/L) in

Narracan Creek above Lake Narracan, are representative of near pristine conditions

(Grayson et al., 1997). Assuming this to be the case, the Darnum data suggest that P

concentrations may have increased by two orders of magnitude as a result of the

agricultural development that has occurred.

Figure 12. A comparison of phosphorus sorption curves for surface soil (0 - 100
mm) at the Darnum site in 1996 and 2002.

At the Darnum site in the 4 storms yielding more than 10 kL of overland flow (Figure

13), 77 - 95% of the variation in TP concentration was associated with the 3 variables of

flow rate, cumulative flow and time of overland flow from the commencement of the

storm (Table 9). As was expected cumulative flow and time of overland flow were

highly correlated having correlation coefficients above 0.95 for all 4 storms. Time of

overland flow was generally the best predictor of P concentrations and flow rate the

worst. While relationships varied, flow rate and time of overland flow jointly were, on

average, better predictors of TP concentrations than flow rate or cumulative flow.

During overland flow water appeared to be moving slowly near the soil surface through

a spongy layer of soil and organic residues <10 mm thick. It was postulated that this

spongy layer could be a major source of the P in overland flow. At higher flow rates,

when the contact time between the water and the surface layer and the ratio of the

volume of the surface layer explored to water volume both decreased, it would be
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expected that P concentrations would also decrease. Therefore a negative relationship

should exist between TP and flow rate. Such a negative relationship was evident in the

single regression of flow against TP concentration (Table 10) in all but one of the

storms. In the latter case, TP concentration was not significantly related to flow rate.

Similar results were achieved when a multiplicative model (log-transformed TP on log-

transformed Flow) was applied.

The regression coefficients for cumulative flow and time as related to TP concentrations

showed no consistent trend (Table 10). It was proposed that during any one storm, if the

sources of the P in overland flow were being exhausted, a negative relationship should

exist between TP and cumulative flow and/or time. Such a negative relationship only

existed in the largest storm suggesting that the field maintained a near constant supply

of P, albeit at different concentrations, for most major storms.

The model described in Equation 8 was used to further test this hypothesis. The model

used log10(TP) primarily because it better satisfied the assumptions of multiple linear

regression (i.e. normal distribution and homogeneity of variance). A plot of the partial

residuals provides a useful guide as to the strength of the relationships (Figure 14).

The relatively simple model:

 Equation 11

log10(TP)=κI-0.112(0.0156)Flow-0.036(0.0232)log10(Time)-0.240(0.0123){log10(Time)}2

where Flow is flow rate ({L/min.} /1000) and Time is time from the beginning of

overland flow in days, accounted for 95.7% (adjusted R2) of the total variation in TP.

The standard errors of the parameter estimates are in parenthesis. Equation 11 implies

that TP is linearly and closely related to flow over the range 0 - 1000 L/min, and that TP

decreases by ca. 26% (S.E. 3.7%) for an increase in flow of 1000 L/min. The quadratic

relationship between time and TP suggests that the P concentration in the overland flow

initially increases to a peak ca. 3.5 hours after overland flow commences and gradually

declines thereafter. The rate of concentration decline is relatively slow with TP being

ca. 83% of its maximum 24 hours after the maximum is achieved (Figure 15).
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Table 7. Chemical characteristics of overland flow from the Darnum site in 1994 and associated data.

Phosphorus concentrations
(mg/L)B

Commencement
date of storm

Total
flow
(kL)

Number
of

samples

Ground
cover
(%)A

DRP TRP TDP TP

Diss.
solids

(mg/L)

Total
solids

(mg/L)

Electrical
conductivity

(dS/m)

Total
phosphorus

load (g)

08.8.94 14 3 89 2.32 2.32 2.54 2.51 68 93 n.d. 35

14.08.94 9 2 89 2.97 3.28 n.d.C 3.86 259 261 n.d. 36

19.09.94 8 7 98 3.61 3.65 3.70 3.81 149 150 0.119 31

20.09.94 3 2 99 3.13 3.16 3.28 3.35 114 120 0.116 9

27.09.94 94 39 100 3.65 3.68 3.77 3.87 106 113 0.101 365

20.10.94 2 0 90 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d

08.10.94 159 43 85 3.18 3.27 3.50 3.76 149 170 0.159 596

06.11.94 239 69 78 6.52 6.70 6.69 7.36 277 329 0.325 1762

08.11.94 132 23 78 4.04 4.11 4.24 4.43 182 207 0.206 583
A - % ground cover estimated visually  B - DRP, dissolved reactive P (<0.45 µm); TRP, total reactive P; TDP, total dissolved P (<0.45 µm); TP, total P C - n.d. - not determined
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Table 8. Relative contributions of reactive and non-reactive, and dissolved
and particulate phosphorus in overland flow from the Darnum
monitoring site in 1994.

Dissolved P (%) Particulate P (%) Total P (%)

Reactive P 89 (3.05)A 2 (0.07) 91 (3.12)

Non-reactive P 4 (0.15) 5 (0.16) 9 (0.31)

Total 93 (3.20) 7 (0.23) 100 (3.43)
A - P load for the year (kg) presented in parenthesis

Table 9. Adjusted regression coefficients (R2) for relationships between total
phosphorus concentrations and flow rate, cumulative flow, time or
combinations of these for four storm dates at the Darnum
monitoring site in 1994.

Storm
dateA

Flow rate
(L/s)
(a)

Cum. Flow
(L)
(b)

Time
(Min.)

(c)

a + b a + c a + b + c

27.09.94 -0.01 0.87 0.94 0.87 0.94 0.95
08.10.94 0.70 0.79 0.53 0.78 0.69 0.89
06.11.94 0.26 0.61 0.76 0.87 0.94 0.94
08.11.94 0.43 0.67 0.76 0.66 0.76 0.77

A - Equations modified for outlying points at the commencement of storms: 08.10.94, 2 points removed; 06.11.94, 1 point
removed; 08.11.94, 1 point removed.

Table 10. Regression co-efficients (± S.E.) for prediction of total phosphorus
(TP) concentrations and flow, cumulative flow and time for four
selected storms at the Darnum site in 1994.

Storm DateA Flow rate 103 x co-efficient
cumulative flow

Time

27.09.94 0.66 (0.90) 0.024 (0.002) 7.67 (0.31)
08.10.94 -1.73 (0.18) 0.011 (0.001) 2.39 (0.35)
06.11.94 -6.49 (1.31) -0.014 (0.001) -2.21 (0.15)
08.11.94 -1.50 (0.37) 0.0069 (0.0010) 2.25 (0.27)

A - TP= + x (terms fitted separately to individual storms) (Equations modified for outlying points at the commencement of
storms: 08.10.94, 2 points removed; 06.11.94,1 point removed; 08.11.94, 1 point removed)
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Figure 13. Change in total phosphorus concentration and flow rate against time
after overland flow commencement for the 1994 storms at the
Darnum site commencing (a) 27 September, (b) 8 October, (c) 6
November and (d) 8 November.
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These data suggest that in years of above average rainfall, the P loads in overland flow

may well increase. Within individual storms, the increased volumes of overland flow

are unlikely to be compensated for by a decrease in the P concentration. However, the

differences in P concentrations between storms suggest that there is a minimum P

concentration that can be achieved with improved land management.

Analysis of the P components in overland flow suggest that there are two sources of P.

There was a close relationship between total dissolved P (TDP) and total reactive P

(TRP) for the 4 major storms:

Equation 12 TDP= 0.960 (S.E. 0.008) x TRP +0.212 (S.E. 0.039) (P<0.001)

This result is consistent with P measured in these tests being predominantly from a

single water component. Strong relationships did not exist between Non-reactive P

(NRP) and Total Particulate P (TPP). Unlike TDP and TRP that are primary

measurements, both NRP and TPP are derived values in which the analytical errors are

magnified by the low numerical values of NRP and TPP. This may in part account for

the lack of a strong relationship between the two.

Assuming that the material moving as particulate P is derived from detachment

processes, it follows that dissolved material is probably derived from dissolution

processes. The strong relationships (R2>0.9) between TP and electrical conductivity for

the storms of October 8 and November 8 1994 lend weight to the suggestion that a

dissolution process is responsible for most of the P in overland flow from the Darnum

site. Presumably, the P was extracted along with other salts from near the soil surface.

The generally low sediment loads compared with other grazing studies also support this

hypothesis.
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Figure 14. Plots of partial residuals of log10(TP) against explanatory variables
date, flow (kL/min.) and time (days) for overland flow data from
four selected storms at the Darnum monitoring site in 1994.

Figure 15. Plots of flow adjusted total phosphorus (TP) concentrations against
time for overland flow data from four selected storms at the Darnum
site in 1994.
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Phase 1 - Summary

Analysis of the 1994 data suggest that:

 Phosphorus mobilisation was occurring primarily as a result of

dissolution rather than erosion processes;

 Phosphorus in the overland flow was predominantly in the form of DRP

and so would have a greater effect on receiving waters than would

otherwise be the case;

 Phosphorus export was episodic with the majority of the P exported in a

few storms annually;

 Phosphorus was being extracted from near the soil surface; and

 The supply of P would not be exhausted over the duration of most

storms.

From a management perspective these data suggested that strategies for reducing P

exports that relied on the physical removal of sediments from overland flow, for

example, grassed buffer strips and riparian zones, or exhausting the P supply, were

unlikely to be effective. The large between-storm variation in P concentrations

suggested that P exports could be reduced if the causes of the between-storm variation

were identified. Monitoring at the site continued with a view to determining factors that

affect between-storm P concentrations.

Phase 2 - Between-storm variation, 1994 - 1996

The concentrations of various analytes in overland flow from the Darnum site between

1994 and 1996 are presented in Table 11. As had been noted in the Phase 1 analyses, the

concentrations of all P forms compare unfavourably with the ‘annual 90th percentile’

target of 0.065 mg/L TP for streams in the Darnum area (EPA, 1995). Dissolved

Reactive P (DRP), the most bio-available form of P (Sharpley et al., 1991), accounted

for 93%, and TDP accounted for 96% of the TP exported from the site over the 3 years

of study.
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It was expected that P would be exported from the field predominantly in a dissolved

form. In winter and early spring when most overland flow occurs in southern Australia,

good ground cover of perennial ryegrass and white clover (>80%) is maintained on

well-managed pastures (Waters, 1996). Under these conditions desorption-dissolution

reactions controlling P release from soil, soil organic matter, fertilisers and fertiliser

reaction products, vegetation and plant residues, are likely to be the most important

factors in determining the quantities of P exported (Sharpley et al., 1994; Nash and

Murdoch, 1997).

Table 11. Flow-weighted mean analyte concentrations, loads and yearly
overland flow volumes from the Darnum site between 1994 and
1996.

Year Concentration (mg/L) A Load (kg/ha)
DRP TRP TDP TP TDS TS

EC
dS/m

Overland
flow

(kL/ha)
DRP TRP TDP TP

1994 4.6 4.7 4.9 5.2 196 227 0.222 367 1.7 1.7 1.8 1.9
1995 13.9 14.2 14.4 14.8 208 242 0.246 383 5.3 5.4 5.5 5.7
1996 10.9 10.9 11.2 11.5 184 238 0.291 845 9.2 9.2 9.4 9.7

A - DRP, dissolved reactive P (<0.45 µm); TRP, total reactive P; TDP, total dissolved P (<0.45 µm); TP, total P, TDS, total
dissolved solids (<0.45 µm), TS, total solids, EC, electrical conductivity.

Plot studies of P export after fertiliser applications have generally yielded similar

proportions of DRP, and by inference TDP, to that found in this study (Greenhill et al.,

1983b, c, d). However, the percentage of TDP measured at Darnum was high in

comparison to previous Australian field/catchment studies (Tham, 1983; Nelson et al.,

1991; Nelson et al., 1996b). These studies appear to have been undertaken in more

erosion-prone environments where field and stream-bank erosion probably added

directly to particulate P and where P may have attached to sediment in transit (Sharpley

et al., 1981b) and during sample storage (Sharpley et al., 1981c; Haygarth et al., 1995).

In an erosive environment a strong inverse relationship might be expected between the

percentage of P in the TDP form and the total solids concentration. Such a relationship

was not apparent in the Darnum data (R2<0.001) and probably reflects the low erosion

potential at the site as indicated by the low total dissolved solid (TDS) concentrations.

The loads of P exported from the Darnum site, especially in the atypically wet year of

1996, were in good agreement with those measured elsewhere for similarly fertile cattle
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pastures. For example, P exports from productive irrigated pastures approaching 4.5

kgP/ha annually were measured by Small (Small, 1985). The equivalent P export from

the Darnum site based on a collection area of 1.8 ha would be 1.9, 5.7 and 9.7 kgP/ha

for 1994, 1995 and 1996 respectively. It should be noted that while the contributing area

of 1.8 ha was calculated based on detailed contour mapping, overland flow originating

as sub-surface flow from areas higher in the catchment or overland flow from outside

the field in 1994 may have contributed to the P loads.

From an economic standpoint the P exported in overland flow from the Darnum site was

less than 5% of that applied in fertiliser and, assuming similar exports elsewhere on the

farm, comprised less than 1% of the annual operating costs. Based on these calculations

it appears that P exported in overland flow has little immediate impact on the economic

sustainability of dairy grazing systems in this region. However, because the majority of

the P that is exported is in a highly bio-available form (DRP), the off-site impacts of P

export may be substantial.

Eight storms out of a total of 34 storms, 1 in 1994, 3 in 1995 and 4 in 1996, accounted

for 72% of the TP exported from the Darnum site. These same 8 storms accounted for

56% of the total overland flow volume reinforcing the view that P exports were episodic

in nature.

Modelling of the within-storm variation, similar to that undertaken in the Phase 1

analyses, was attempted. The models were unable to satisfactorily explain the within-

storm variation using the extended data set. There appear to be at least 2 functional

relationships between flow and TP, especially early in the storms. Examples of these

relationships are evident in the September 27 and November 6 data (Figures 14 and 15).

In the 1994 - 96 data set many more storms exhibited a poor relationship between flow

and TP, similar to the September 27 storm of 1994. Consequently, a model of within-

storm variation that included flow as an explanatory variable was unsatisfactory for the

extended data set. It would appear that by giving equal weight to all data points, the

strength of the relationship between flow and TP in the storm of November 6 biased the

Phase 1 statistical analyses.
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While the model of within-storm variation did not hold, there was no evidence in the

additional modelling to suggest that the decay in P concentration with time was any

greater than the Phase 1 model suggested. Consequently, the suggestion that the supply

of P is unlikely to be exhausted over the duration of most storms remains valid.

Thirty-four storms, each yielding over 2.9 kL/ha, were used to examine factors thought

to be associated with the variation in TP. Graphical examination of TP versus days since

grazing (DG), days since fertilising (DF), total storm flow (TF) and season (year and

time of year), suggested that ln(TP) was approximately linear in ln(DG), ln(DF) and

ln(TF) and that there may be some dependence of ln(TP) on year (Figure 16).

Figure 16. Relationships between total phosphorus (TP) concentration and (a)
days since fertiliser was applied (DF), (b) days since last grazed
(DG), (c) total flow (TF), and (d) days since the beginning of data
capture (time) for the Darnum site between 1994 and 1996.
The continuous lines are fitted cubic splines estimated simultaneously in
a generalised additive model. For each explanatory variable, ln(TP) data
were adjusted for the remaining three explanatory variables by
subtracting their fitted spline effects.
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The fitted additive linear model (Equation 9), when back-transformed (i.e. by taking

anti-logs of both sides of Equation 9) to the original TP scale, gave the following non-

linear multiplicative model, with standard errors in parentheses:

Equation 13 TP = ki ×DF-0.476(0.071) ×DG-0.241(0.079) ×TF-0.105(0.069) 
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From this model (Equation 13) it would appear that inverse power relationships similar

to exponential decay exist between TP, and DF, DG and TF. As a multiplicative model,

each term affects TP in proportion to the level of TP present at the time, as determined

by the other terms in the model.

The ranges for the independent variables were: 1 ≤ DF ≤ 106 days, 1 ≤ DG ≤ 99 days,

and 2905 ≤ TF ≤ 152741 L/ha. The estimates of the parameter ln(k) for the 3 years were

4.93, 5.60 and 5.41 (Maximum SED=0.23) for 1994, 1995 and 1996 respectively. The

model accounted for 67.7% (adjusted R2) of the variance in ln(TP). Two storms with

very high values of TP (2 August 1995, 26 September 1996) influenced the strength of

these relationships. However, even with these points excluded, the inverse relationships

of TP with DF and DG persisted and were statistically significant at the 5% level. The

dilution effect of TF on TP was weak and was significant at the 5% level if fitted before

year, but not if fitted after year. Its parameter estimate -0.105 (SE=0.069) was far from -

1.0 (pure dilution) and was not significantly different from zero, consistent with no

effect of flow on TP concentration. When the two highest TP values were excluded

from the data, the parameter estimate for TF was effectively zero (0.004 ± 0.056).

The term having the strongest association with the flow-weighted mean TP

concentration was clearly the time since fertilising (p<0.001). On its own DF accounted

for 50.6% (adjusted R2) of the variance in ln(TP). As expected, TP in overland flow was

inversely related to DF. The initial half-life of fertiliser impact (i.e. the period of time

since fertilising to decrease the TP concentration by half) was estimated using Equation

9 to be 4.3 days, with 95% confidence interval 3.1 to 8.0 days. However, unlike

exponential decay where the half-life is constant, nonlinearity in Figure 16a shows that

for these data the half-life was not constant. The rate of decay declined. The initial

quarter-life was estimated to be 18.4 days, with the 95% confidence interval 9.4 to 63.9

days, considerably higher than the quarter-life that would be expected under exponential

decay (i.e. double the half-life). The data, adjusted for the effects of year, DG and TF,

show little evidence of decline in TP beyond 20 days since fertilising (Figure 16a).

Rapid increases in overland flow P concentrations after fertiliser application have been

observed in a number of studies (Sharpley and Syers, 1976; Olness et al., 1980). For
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example fertiliser application with an ammonium phosphate at a rate of 75 kgP/ha

increased TDP concentrations in overland flow between 200 and 600 times compared to

pre-fertiliser application values in a paired catchment study (Olness et al., 1980). The

TDP concentrations were still 5 to 15 times higher a year later. Fertiliser application

was shown to increase the P content of forage so the persistence of the treatment effect

may have resulted from a general improvement in nutrient availability within the

system.

The half-life of fertiliser and decay of fertiliser effects with time suggests that the timing

of fertiliser application that could be used to limit the quantity of P exported from these

systems. Farmers are offered monetary incentives in the form of lower prices to

purchase and apply P fertiliser in the late summer/early autumn period (January to

March) ca. 100 or more days before overland flow would be expected. As applications

of fertiliser during this period appear to have the same agronomic benefits as

applications later in the year (C. Gourley, pers. comm., April, 2001), applying most of

the P fertiliser in late summer/early autumn would appear to be both economically and

environmentally sound.

Where, in order to satisfy plant needs the application of P fertiliser is necessary at times

of the year when overland flow might reasonably be expected, for example where DAP

is used as a nitrogen source, meteorological forecasts may be used to further reduce P

exports. Seven-day meteorological forecasts are available for much of southern

Australia. Most P is exported in a few storms annually and fertiliser spreading cannot be

undertaken when the soil water approaches saturation, a time when the probability of

overland flow is also high. By not applying fertiliser when overland flow might

reasonably be expected in the following four days, direct P exports from fertilisers could

be halved.

Although all terms in Equation 13 showed statistical significance at the 5% level as they

were sequentially added into the model, only DF was consistently significant,

independent of the order in which other terms were added. This dependence of apparent

statistical significance on fitting order reflects a degree of co-linearity among the

variables tested. The model (Equation 13) appears to be a useful characterisation of the

terms identified and can be used to compare their relative impact on TP. However,
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while the plots of the transformed observed and fitted values are encouraging (Figure

17a), the plot of the back-transformed data (Figure 17b) highlights the variability

around these relationships and shows the model to be of limited value for predictive

purposes.

The effect of grazing, especially the deposition of faeces that contain ca. 1% P, was

expected to be an important factor related to TP. The lower significance of DG

compared to DF suggests that cattle did not mobilise large stores of water-available P

compared to fertiliser at the Darnum site.

Assuming a grazing pattern of 360 cows block-grazed 3 times for 12 hours, the quantity

of faeces deposited at the Darnum site would be approximately 6 kg/cow or 2160 kg

over the 3.6 hectares. This equates to a P application rate of only 6 kgP/ha. Pastures are

commonly grazed to 1200 - 1400 kg/ha residual mass and contain 0.2 - 0.5% P

(Phosphorus for dairy farms project, 2001). Assuming a worst case scenario in which all

the residual P can be mobilised by overland flow, the maximum contribution from

pasture would be 7 kgP/ha. The store of P available for mobilisation as a result of

grazing is clearly less than the ca. 35 kgP/ha that was usually applied in a single

fertiliser application at the Darnum site. Given the solubility of P in fertiliser, the

significantly higher surface/volume ratio of the fertiliser P compared to faecal P, and the

likely retention of some P in the residual pasture, it is not surprising that the grazing

(DG) had less impact on the TP concentration than fertiliser applications (DF).

However, as fertiliser was applied a maximum of 4 times annually and in spring grazing

often occurred on a 21 day rotation, the overall contribution of grazing to the P load

should not be underestimated, especially where stock have direct access to streams.
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Figure 17. Plots of (a) observed natural log total phosphorus (lnTP) versus
fitted lnTP, and (b) observed TP versus fitted TP for the between-
storm variation from the Darnum site between 1994 and 1996.
The diagonal line passing through (100,100) and having a slope of 1
corresponds to ideal agreement between observed and predicted values.
The fitted model for ln(TP) consisted of linear regression terms for
ln(DF), ln(DG) and ln(TF), and a 3-level factor for year of sampling.
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Phase 2 - Summary

In agreement with the analyses of the 1994 data, analyses of the 1994 - 1996 data

suggested:

 Phosphorus mobilisation was primarily occurring as a result of

dissolution rather than detachment (erosion) processes;

 Phosphorus in the overland flow was predominantly in the form of DRP

and so would have a greater effect on receiving waters than would

otherwise be the case;

 Phosphorus export was episodic with the majority of the P exported in a

few storms annually; and

 The supply of P would not be exhausted over the duration of most

storms.

The analysis of the between-storm variation suggested:

 Total P concentrations were related to the time between fertiliser

application and the onset of overland flow;

 Total P concentrations were related to the time between grazing and

onset of overland flow; and

 Total P concentrations were related to the total volume of overland flow

but the expected dilution effect of TF on TP was weak as would be

expected if the supply of P was not exhausted over the duration of most

storms.

From a management perspective the 1994 - 1996 data suggested that improved fertiliser

management would reduce P exports.

Phase 3 - The structure of phosphorus exports, 1994 - 2000

The data from the 1994 - 2000 monitoring period are presented in Table 12. These data

are in general agreement with the data from the Phase 2 analyses. Despite the relatively

dry conditions experienced from 1997 - 1999, the high percentage of TP as TDP
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strongly reinforces the view that dissolution is the primary process responsible for P

mobilisation at this site.

Table 12. Flow-weighted mean analyte concentrations, loads and yearly
overland flow volumes from the Darnum site between 1994 and
2000.

Year Concentration (mg/L) A Load (kg/ha)
DRP TRP TDP TP TDS TS

EC
dS/m

Overland flow
(kL/ha) DRP TRP TDP TP

1994 4.6 4.7 4.9 5.2 196 227 0.222 367 1.7 1.7 1.8 1.9
1995 13.9 14.2 14.4 14.8 208 242 0.246 383 5.3 5.4 5.5 5.7
1996 10.9 10.9 11.2 11.5 184 238 0.291 845 9.2 9.2 9.4 9.7
1997B 26.6 29.6 370 495 0.559 43 1.2 1.3
1998B 10.8 12.4 232 347 0.517 146 1.6 1.8
1999B 15.0 16.0 414 495 0.473 35 0.5 0.6
2000 2.8 3.3 76 200 0.144 590 1.6 1.9

A - DRP, dissolved reactive P (<0.45 µm); TRP, total reactive P; TDP, total dissolved P (<0.45 µm); TP, total P, TDS, total
dissolved solids (<0.45 µm), TS, total solids, EC, electrical conductivity.     B - Years of atypically low rainfall

A histogram shows the 1994 - 2000 data are skewed to the left and there appears to be a

lower limit to TP concentrations (Figure 18). Implicit in the Phase 2 analysis was the

assumption that the residual error contained effects that could not be resolved (i.e.

outside the current theoretical framework and therefore not described by the explanatory

variables). When the domain of the Phase 2 model (Equation 9) was restricted to

reasonable values, for example 100 days between fertiliser application or grazing and

overland flow, despite the mathematical form of the equation having the axes as

asymptotes, a ‘base-plus-increments’ structure to the data was suggested (Figure 19). In

a model, such as Equation 10 that reflects a ‘base-plus-increments’ structure, the ‘base’

is defined as the component of between storm P concentrations explained by differences

between years, but not including the short-term effects of fertiliser, grazing and flow.

A ‘base plus increments’ structure to the data also makes more physical sense. In the

multiplicative model used in the Phase 2 analyses each term affected TP in proportion to

the TP present at the time as determined by other terms in the model. There is no reason

to believe that fertilising and grazing would interact in this way. Rather, as fertilising

(DF) and grazing (DG) would be expected to increase P availability from different

sources to those otherwise present, and mobilisation would most likely occur from the

sources independently, the effects should be additive above a ‘base’ concentration,

moderated by the effects of TF, that reflects variation between years. The ‘base’
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component of the model therefore estimates the effects of the land use system in that

year and includes management behaviours and other factors that have affected P

concentrations but were not related to DG, DF and TF. As such the ‘base’ or

‘systematic’ component of the model can be used to compare the cumulative effects of

land use, such as of increasing soil fertility.

Figure 18. A histogram of the frequency of overland flow events versus flow-
weighted mean total phosphorus (TP) concentrations for individual
storms for the Darnum site between 1994 and 2000.

Figure 19. Fertiliser and grazing effects on total phosphorus (TP)
concentrations derived using the model of P export developed during
the Phase 2 analyses of data from the Darnum site.
Default values of the equation parameters were days since grazing and
fertilising, 100 days and total flow, 100,000 L.
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Sixty-three storms with total overland flow of more than 2000 L (ca. 0.11 mm/ha) were

investigated using the model described in Equation 10. The adjusted R2 of 0.595

suggested that the model was a reasonable fit. However, the TF effect was weak and

statistically insignificant, and the TF power parameter was of the wrong sign if it were

inversely related to TP. With TF removed the adjusted R2 increased slightly to 0.603.

The relationships between the other parameters (year, DG and DF) are presented in

Figure 20.

The weak relationship between TF and TP provided further evidence to suggest that for

the range of data collected from this site, TP concentrations do not diminish

significantly over the duration of most storms. To further explore this effect the data set

was restricted to storms of  >5000 L (0.56 mm/ha) and then >10000 L (1.11 mm/ha).

The adjusted R2 increased to 0.626 with the 3 storms <5000 L removed and 0.702 with

the 15 storms <10000 L removed. Total flow (TF) showed some signs of having a

dilution effect but the effect was still not strong or statistically significant. Interestingly

the removal of the <10000 L storms had the effect of increasing the weight given to the

high TP concentrations in year 6 (1999) as many of the low flow storms occurred in that

year. The result was a model that provided estimates of fertiliser effects that do not

make physical sense despite the higher adjusted R2 (i.e. partial residuals for the year are

greater than TP by ca. 20%).

From the model parameters (Table 13) it is clear that the timing of fertiliser applications

has the greatest effect on TP concentrations. The estimated half-life of the fertiliser, 2.4

days (95% confidence interval 1.4 - 3 days), was slightly shorter than found in the Phase

2 analyses. With the effects of fertiliser removed, the ‘base’ or systematic component of

TP is still well in excess of the concentration target of 0.065 mgTP/L for streams in this

area. From a management standpoint, the systematic component is generally in excess

of even the 2.00 mgTP/L limit for discharges of treated sewage effluent to streams in

the Darnum area (J.Jelbart, pers. comm. August, 2001).

Fertiliser application and grazing accounted for ca. 50% of the TP concentration for all

years except 1997 when there were only two storms and 1999 when the total flow

volume was negligible compared to other years. This suggests that while improved

fertiliser management will not provide a total solution to the problem of P exports, it
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will help in reducing P concentrations and loads in overland flow from similar sites.

However, as the majority of farms in the area apply significantly less fertiliser and less

often (Drysdale et al., 1999) than occurred at Darnum, it is unlikely that at a catchment

scale the reductions in P exports attributable to better timing of fertiliser applications

will be as great as the Darnum data suggest. Fortunately, the variability displayed in the

partial residual plots of the year component (κI, Figure 17) suggests that if the other

factors contributing to elevated P concentrations that are part of the base or systematic

component can be identified, P exports may be further reduced.

Table 13. Model parameter estimates (Equation 10, storms >5000 L) and total
phosphorus (TP) concentrations from the Darnum site between 1994
and 2000.

Parameter Parameter
Estimate

Measured TP
(mg/L)

DF βF 56.18
DF λF 0.295
DG βG 2.96
DG λG 0.064
κ 1994 2.8 5.2
κ 1995 7.4 14.8
κ 1996 6.1 11.5
κ 1997 0.8 29.6
κ 1998 7.2 12.4
κ 1999 15.7 16.0
κ 2000 1.4 3.3

A ‘base-plus-increments’ model of P exports is appealing. The structure of the model

suggests the minimum P concentration in overland flow that could have been achieved

for this particular land use management system, in this case pasture-based grazing. Over

and above this concentration, critical incidents or activities that can be identified and are

under the control of the land manager, and therefore preventable, add together to

increase P concentrations. In the Phase 2 analyses the primary incidental (preventable)

factors were fertiliser application and grazing, albeit that land managers only control the

timing and intensity of grazing. In the absence of additional information the same

parameters have been used in the Phase 3 analyses.

At a practical level a ‘base-plus-increments’ model of P exports provides the framework

upon which extension activities can be based. Extension activities can address specific
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causes of incidental (preventable) P exports such as fertiliser application, fertiliser

storage areas and dairy shed effluent distribution, to incrementally reduce P exports.

Some of these incidental (preventable) factors are self-evident even though they were

not relevant to this field study.

Figure 20. Plots of the partial residual total phosphorus (TP) concentrations
(mg/L) against various explanatory variables using the ‘base-plus-
increments’ model developed in the Phase 3 analyses of data from
the Darnum site.
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In the Phase 3 model the base or systematic component varied considerably between

storms and between years. It had been expected that the systematic component of P

export would have been essentially fixed in the short-term (<10 years) but variable in

the longer term, increasing along with soil fertility. That it was not suggests that, while

the accumulation of P in the soil and improved productivity of these systems may well

increase P exports, other factors will have a disproportionately larger impact on P

exports. The challenge is to identify these factors and bring them within the control of

the land manager (i.e. change them from systematic to incidental or preventable

components of P export).

Phase 3 - Summary

The Phase 3 analysis using data from the Darnum site over the 7 years 1994 - 2000

suggested:

 Phosphorus mobilisation at Darnum is primarily occurring as a result of

dissolution rather than erosion processes;

 Phosphorus exports are the result of a base or systematic component that

results from this particular land use and an incremental or incidental

(preventable) component that results from particular management

decisions, activities or incidents;

 The supply of P would probably not be exhausted over the duration of

most storms;

 The time between fertiliser application and overland flow is a major

(preventable) factor increasing P exports; and

 As evidenced by the between-storm variation both within (i.e. the

individual storm TP variation around κi) and between years (i.e. variation

in κi), the possibility exists to further reduce P exports if the factors

contributing to the variation in the systematic component can be

identified.
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Concluding discussion

Improved management of fertiliser applications can have an immediate impact on

reducing P export from these systems. To some extent the Darnum site is atypical of the

pasture-based grazing systems in the area. The farm is particularly productive and

higher than average rates of P fertilisers were used. This suggests that the P export

reductions accruing to improved fertiliser management will be less on a regional scale

than the Darnum data would imply. However, this study suggests that if fertilisers are

applied in late summer/early autumn (i.e. February, March and April) direct exports of P

from fertilisers would be reduced.

In some cases it is necessary to apply P fertilisers during periods when overland flow

might reasonably be expected. At a field-scale the data presented here would suggest

that the export of P directly from fertiliser can be reduced by up to half if

meteorological forecasts are used to ensure that P fertilisers are applied well before

overland flow occurs. As indicated in Chapter 2 there is evidence to suggest that

fertiliser compounds and formulations could be selected to increase the rate of P

assimilation into soil and so reduce P exports. An investigation of this hypothesis is

presented in Chapters 4 and 5.

The data from the Darnum site suggest that, on its own, improved management of P

fertilisers will not reduce P concentrations in overland flow to acceptable levels. The

variation in the P concentration of individual storms after the fertiliser and grazing

effects have been removed (κi), both within and between years, suggest that there are

factors increasing P exports that were not identified in this study. A pre-requisite to

identifying these other factors is identifying the sources of the P. An initial investigation

of tracing technologies that may assist in achieving this objective are presented in

Chapters 6 and 7.
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CHAPTER 4 - Phosphorus mobilisation from commercial fertilisers
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Introduction

Management systems and improved formulations that result in the rapid assimilation of

fertiliser P into soil-plant systems have the potential to increase P availability for plant

uptake while minimising diffuse exports of P in overland flow.

The two major P fertilisers applied to agricultural land in Australia are di-ammonium

phosphate (DAP) and mono-calcium phosphate (MCP). Mono-calcium phosphate is

usually applied in the form of single superphosphate (SSP). As outlined in Chapter 2,

the chemical and physical properties of these fertilisers may affect their respective

contributions to P exports.

The objective of the experiments described in this Chapter was to compare the attributes

of commercial P fertilisers that may affect P exports soon after their application to field

soils. The ultimate aim of these experiments, and the field experiments that followed

(Chapter 5), was to develop guidelines that would reduce P exports where P fertiliser

application occurs during periods when overland flow might be expected in the

following 4 to 10 days.

Materials and methods

The water-extractable P content of commercial fertilisers was initially compared in a

series of developmental experiments. Following the completion of these initial

experiments a full split-split-plot design experiment was undertaken using the same

apparatus.

The treatment structure for the developmental experiments varied. The first experiment

compared water-extractable P from DAP and SSP granules following their immersion in

water. The treatment structure comprised 2 fertilisers, 14 sampling times (0, 0.5, 1 hour

after immersion and hourly thereafter to 12 hours), and 6 replicates. The first two

experiments with soil used a randomised block design comprising 3 fertiliser

compounds, either 9 or 10 sampling times (up to 500 hours), and 6 replicates. These

experiments were conducted on one soil at a time using 86.5% humidity. For the
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remaining developmental experiments, the structure was a randomised block design

comprising 3 fertiliser compounds, 2 soil types and 10 sampling times (up to 600

hours). In the experiments using soil, 6 replicated blocks of 8 vials (2 soils x (3

fertilisers + control)) were selected randomly from controlled humidity chambers

(Barlow et al., 1999) at each sampling.

The treatment structure for the main experiment comprised 3 fertiliser compounds, 2

soil types, 5 levels of soil moisture and 5 sampling times (8, 24, 72, 168 and 336 hours)

in full factorial combination. There were 4 chambers for each of the 5 soil moisture

levels. Within each chamber there were 70 vials arranged in 5 groups of 14. One group

was destructively sampled from within each chamber at each sampling time. Each group

of 14 vials comprised 2 vials each of the 6 possible combinations of soil by fertiliser

treatments, and 2 control vials, one for each soil type. Moisture levels were randomised

to chambers, sampling times were randomised to groups within chambers, and soils and

fertilisers were randomised to vials within groups (split-split-plot design). Thus, at each

time, 8 vials of each of the 30 soil by fertiliser by moisture treatments were sampled

destructively.

Two commercial fertilisers, DAP (Pivot Ltd. Geelong, Australia) and SSP (SuPerfect,

Pivot Ltd.), plus one proprietary product, sulphur coated single superphosphate (CSSP,

HiFert Ltd. Melbourne, Australia), were tested. Granules were chosen to represent the

middle 10% of the bulk fertiliser’s mass distribution and weighed between 0.033 and

0.041 g. The chemical compositions of the fertilisers are presented in Table 14. The

slightly higher N content of the CSSP compared to the SSP granules reflected a small

quantity of ammonium sulphate used in the coating. Fertilisers were applied to the

surface of the repacked soil (20 mm depth, 1 g/cm3) in the middle of 45 mm I.D.

polyurethane vials as individual granules (DAP) or pairs of granules (SSP and CSSP).

This was a fertiliser application rate equivalent to ca. 40 kgP/ha.

The soils used in the experiments were collected from dairy pastures at Arawata and

Ellinbank (Figure 2) in the Gippsland region of south-eastern Australia. The Arawata

soil is classified as an acidic, eutrophic, grey Dermosol (Isbell, 1996), Gn4.41

(Northcote, 1979) and Haplustalf (United States Department of Agriculture, 1998). The

Ellinbank soil is classified as an acidic, mesotrophic, red Ferrosol (Isbell, 1996), Gn4.11
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(Northcote, 1979) and Hapllustox (United States Department of Agriculture, 1998).

Soils were removed from a depth of 50 - 100 mm rather than 0 - 100 mm in order to

lessen the possible impact of organic matter on the comparison of soil and fertiliser

properties. Following sampling, soils were air dried and ground to pass through a 2 mm

sieve. The properties of the soils are presented in Table 15.

Table 14. Chemical analysis of the fertilisers used in the phosphorus extraction
experiments.

AnalyteA Di-ammonium
Phosphate

(DAP)

Sulphur-Coated
Single

Superphosphate
(CSSP)

Single
Superphosphate

(SSP)
Total Nitrogen (%) 18.0 0.7 0.2
Total Phosphorus (%) 20.1 7.8 9.5
Total Potassium(%) <0.2 <0.2 <0.2
Total Sulphur (%) 0.9 24.7 13.3
Total Calcium (%) 0.3 20.8 26.4
Total Magnesium (%) 0.6 <0.1 <0.1
Total Sodium (%) 0.1 0.3 0.4

A  - Methods - (Association of Official Analytical Chemists, 1997) - 929.02, 942.02, 957.02, 993.13

Of the 5 moisture levels used across the experiments, the 3 drier treatments ( i.e. low

soil moisture treatments) were applied by means of controlled humidity chambers

(Barlow et al., 1999). Vials were suspended above a saturated salt solution that defined

the relative humidity within the chamber (Winston and Bates, 1960). The 3 saturated

salt solutions used were: potassium sulphate (K2SO4 - 99% RH), resorcinol (C6H6O2 -

95% RH) and potassium chloride (KCl - 86.5% RH) all at 15°C. For the two higher

levels of soil moisture (i.e. the high soil moisture treatments), soils were wetted to 20%

and 25% for the Ellinbank and 19% and 24% for the Arawata soil, prior to placement in

the vials.

A 3-week equilibration period prior to the addition of fertilisers was used for the 3 low

soil moisture treatments to minimise changes in soil moisture during the study.

Depending on the experiment, 6 or 8 vials of each soil were weighed to monitor the soil

moisture content. An equilibration period was not required for the two high soil

moisture treatments as these soils were pre-wetted in bulk prior to packing in the vials

and were individually sealed for the duration of the experiment.
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Table 15. Chemical properties of the soils used in the phosphorus extraction
experiments.

CharacteristicA Ellinbank Soil  Arawata Soil

Textural Class fine sandy clay loam heavy clay loam
pH (water) 5.2 5.5
pH (CaCl2) 4.6 4.9
Exch. Al (cmol(+)/kg) 95 11
EC (dS/m) (1:5 soil:water) 0.08 0.10
Olsen P (mg/kg) 4 10
Skene K (mg/kg) 68 150
Available S (mg/kg) 23 9
Organic matter (%) 11 6.5
Extractable Fe  (%w/w) 0.82 0.33
Extractable Al  (%w/w) 0.63 0.088
P Buffering (mgP/kg) 78 6.5
Exch. Cations (cmol(+)/kg) 9 11
Ca 7.9 8.8
Mg 0.9 2.1
Na <0.1 <0.1
K 0.2 0.3

A - Methods - pH /EC (Rayment and Higginson, 1992) 4B2
Olsen P (Rayment and Higginson, 1992) 9C2
Skene K (Rayment and Higginson, 1992) 18B1
Organic matter (Rayment and Higginson, 1992) 6A1
Exchangeable cations (Rayment and Higginson, 1992) 15D3 (ammonium acetate)
Available Al (Rayment and Higginson, 1992) 15G1 (1M KCl extract)
Available S (Peverill, 1976)
Extractable Fe (Rayment and Higginson, 1992) 13A1
Extractable Al (Rayment and Higginson, 1992) 13A1
P buffering capacity (Rayment and Higginson, 1992) 9J1, at 5 mgP/L equilib. conc.

Measurements

Similar P extraction and measurement procedures were used for all experiments. After

the appropriate incubation period 40 cm3 (ca. 25 mm water depth) of water was added

using an auto titrator (Metrohm - 50 cm3 syringe, Metrohm Herisau, Switzerland) at a

rate of 40 cm3/minute to the vials containing fertiliser and/or soil. After the addition of

water, vials were placed on an orbital shaker (Ratek - 32 mm orbit diameter, Ratek

Instruments Pty. Ltd. Australia) and gently oscillated (30 cycles/min) for 6 hours to

simulate the effects of overland flow near the soil surface. Following oscillation the
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supernatant was recovered using a 5 cm3 micropipette. Hence, the P in the supernatant

liquid was recovered from both the fertiliser granule residue and, where present, the

soil. The supernatant solution was analysed for total P (TP) using an alkaline

persulphate autoclave digestion, followed by flow injection analysis on a Lachat -

QuickChem 8000 (Lachat Instruments, Milwaukee, USA) with the traditional

phosphomolybdenum blue detection chemistry (Lachat Instruments, 1997).

Water-extractable P was calculated as the mass of P, assuming the concentration in the

supernatant reflected that in the added water (40 cm3), and expressed as a percentage of

the P added in the fertiliser granule(s). The P added in the granule(s) was determined by

chemical analysis of the bulk fertiliser and the granules were weighed individually prior

to addition to the soil.

Statistical methods

The developmental experiments were analysed individually following a logarithmic

transformation to achieve equal variance and a normal data distribution using GenStat

ANOVA. The ANOVA model included time of sampling and fertiliser type as

components of the treatment structure. The developmental experiments could not be

appropriately analysed in a single statistical framework as the design was unbalanced.

This deficiency was rectified in the split-split-plot experiment.

Least significant differences (LSD) were calculated at the 5% level, according to the

experimental structure and treatment replication in each of the developmental

experiments using GenStat ANOVA. Least significant intervals (LSI) for treatment

means were calculated as the mean ±½×LSD, so that means were significantly different

at 5% level when intervals did not overlap. Treatment means and LSI end-points were

back-transformed from the log scale to the percent water-extractable P scale for

graphical presentation.

For the split-split-plot experiment the water-extractable P data were also logarithmically

transformed to achieve equal variance across the data set and a normal data distribution

of residuals. An ANOVA was performed using GenStat (GenStat 5 Committee, 1998)
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following transformation. The ANOVA model included a full factorial treatment

structure for effects of soil, moisture, fertiliser and sampling time (i.e. incubation

period). Moisture was characterised by two factors; one factor classifying moisture

levels as ‘high’ or ‘low’ and the other, nested within the first, distinguishing between

the two high moisture levels and between the three low moisture levels. This simplified

the interpretation of the results. The blocking (or ‘error’) structure of the ANOVA was

that of a split-split-plot design and consisted of random effects for vials, nested within

groups, nested within chambers. Residuals were inspected graphically for normality and

homogeneity of variance. Residual variances within high and low moisture levels were

tested (using F-ratio) for inequality due to potential differences between sealed and

unsealed vials. The LSD’s and LSI’s were calculated in similar manner to the

developmental experiments.

All data are presented as means of the replicate values and the relevant treatments.

Results and discussion

A comparison of the water-extractable P following the immersion and gentle oscillation

of DAP and SSP granules in water is presented in Figure 21. The data show that water-

extractable P is released more quickly from DAP than SSP.

For the experiments using soil, the water-extractable P in the control treatments was of a

similar order to the analytical error associated with the fertiliser treatments (<0.01%).

Consequently, all P in the supernatant was assumed to have originated from the fertiliser

and no adjustment was made to the water-extractable P. The control vials also indicated

that the humidity chambers maintained near constant soil moisture after fertiliser

application. The change in sample weight was <0.3% which was not expected to affect

the results.

The results of the developmental experiments for DAP and SSP are presented in Figures

22 and 23. Interpretation of the experiments was hampered by the variable sampling

times used in the experiments that prevented a unified statistical analysis of all

treatments. Also making interpretation difficult was the greater than expected between-
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granule variation. Clearly, the commercial fertiliser granules were inherently more

variable than reconstituted granules (Williams, 1970a, b) and the granules used in the

‘proof of concept’ experiment used to determine an adequate level of replication.

Consequently, statistically significant differences were only apparent across, rather than

within, sampling times (Figure 22) and it was very difficult to determine the

mathematical form of trends in the data.

Figure 21. Changes in water-extractable phosphorus following the immersion
of (a) SSP and (b) DAP granules in water and slow oscillation (30
cycles/min. for 6 hours) with fitted Mitscherlich curves.

The between-granule variation was investigated by analysis of individual granules to

ensure that the P content was consistent, and by photographic means (Figure 24). The

mean P content of 10 SSP granules was 8.9% with a standard deviation of 0.3%. This

suggested that variable P content was not responsible for the between-granule variation.

From the macro-photography it was evident that the surface area and characteristics of

the granules varied significantly (Figure 24). Some granules appeared porous, some

were very smooth, while others were irregular in surface area and shape. In addition, it

was also noted that the hardness and possibly density of the granules varied. It would be

expected that these physical properties would affect mobilisation of P and therefore

water-extractable P.

In summary, the developmental experiments demonstrated that:

 More water-extractable P was mobilised from DAP than SSP (P<0.001).
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 The sulphur coating on the CSSP may have had a minor effect on water-

extractable P in some treatments but the effect was not statistically

significant. Therefore data for this treatment are not presented.

 Water-extractable P concentrations declined as soil and fertiliser

equilibration times (i.e. sampling time) increased.

To improve the statistical design of the study and increase the range of moisture

contents being tested, the split-split-plot experiment was initiated with 8 rather than 6

replicates. In order to accommodate the additional treatments, the sampling times were

reduced to 5.

Figure 22. Changes in water-extractable phosphorus with sampling time for the
Ellinbank and Arawata soils at three humidities.
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Despite the between-granule variability, 8 replicates in combination with the one or two

fertiliser granules used in the split-split-plot experiment were sufficient to demonstrate

the underlying relationships.

Figure 23. Changes in water-extractable phosphorus with sampling time from
DAP and SSP applied to the Ellinbank soil at 95% humidity.
Error bars are 5% least significant intervals (defined such that non-
overlapping intervals indicate significant differences at the 5% level) for
comparing fertiliser means with time.

Figure 24. Macro photography of fertiliser granules highlighting the surface
properties of SSP granules.

0

5

10

15

20

0 100 200 300 400 500 600

Time (hours)

W
at

er
-e

xt
ra

ct
ab

le
 P

 (%
)

DAP

Superfect

DAP
SSP



112

Soil type was the most important factor affecting water-extractable P, accounting for

30% of the total sum of squares (Table 16). Other major sources of variation included

fertiliser type (6.9%), sampling time (6.1%), soil moisture (4.9%), and soil moisture

interactions with time (6.1%), fertiliser (3.6%) and soil (6.3%). Many other interactions,

although statistically significant, accounted for a small (<3.5%) percentage sum of

squares and will not be discussed further.

More P was extracted from the Arawata soil (mean 10.8%) than the Ellinbank soil

(mean 3.9%) (Figure 25, main effect of soil significant at P<0.001). The difference in

water-extractable P can be largely attributed to differences in the soil adsorption

characteristics (Figure 26). Presumably, the lower pH and higher extractable iron and

aluminium content of the Ellinbank soil (Table 15) contributed to its greater P sorption

and the formation of more stable compounds as the wetting front moved away from the

granule (Holford, 1989).

Contributing to the difference between the soil treatments was the soil x soil moisture

interaction. More P was extracted under low moisture conditions from the Arawata soil

(15.5%) than the high soil moisture (6.45%) or Ellinbank soil treatments (low moisture -

3.9%, high moisture - 4.1%) (Figure 27). This was attributed in part to a higher degree

of water repellency in the low moisture Arawata treatments. When the extracting water

was added to the low moisture Arawata treatments, it initially pooled on the soil surface.

Greater water repellency may delay the entry of fluids from the granule into the soil,

decreasing the rate of granule dissolution and consequently, P fixation, resulting in

higher water-extractable P concentrations. No water repellency was observed in the

other treatments.

The greater water repellency and higher water-extractable P for the Arawata soil, low

moisture treatments may in part reflect the differences in soil moisture. The Arawata

soil contained 7%, 6% and 6% water in the 99%, 95% and 86.5% relative humidity

treatments, whereas for the equivalent treatments the Ellinbank soil contained 11%,

10% and 9% water.
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Table 16. Analysis of variance of ln(water-extractable P%) for factorial effects
of three fertilisers, five levels of moisture and humidity, two soil
types, by five sampling times (hours).
The factor ‘Moisture’ distinguished between low (6% to 11%) and high
(19% to 25%) levels of soil moisture. The factor ‘Humidity’ was nested
within ‘Moisture’ and distinguished between three levels of humidity at
low soil moisture and between two levels of humidity at high soil
moisture.

Source of VariationA D.F.B S.S.C

(%)

M.S.D P.E

Chamber Stratum

Moisture

Moisture.Humidity

1

3

4.89

0.61

49.83

2.08

<0.001

0.356

Residual 15 2.63 1.79

Chamber.Group Stratum

Hours 4 6.14 15.63 <0.001

Moisture.Hours

Moisture.Humidity.Hours

4

12

6.14

1.00

15.63

0.85

<0.001

0.038

Residual 60 2.47 0.42

Chamber.Group.Cup Stratum

Fertiliser 2 6.88 35.04 <0.001

Soil 1 30.03 305.92 <0.001

Fertiliser.Soil 2 2.16 11.03 <0.001

Fertiliser.Moisture 2 3.62 18.43 <0.001

Soil.Moisture 1 6.26 63.81 <0.001

Fertiliser.Hours 8 0.24 0.30 0.165

Soil.Hours 4 0.34 0.88 0.002

Fertiliser.Soil.Moisture 2 0.15 0.76 0.026

Fertiliser.Moisture.Humidity 6 3.29 5.58 <0.001

Soil.Moisture.Humidity 3 0.59 2.01 <0.001

Fertiliser.Soil.Hours 8 0.48 0.61 0.003

Fertiliser.Moisture.Hours 8 0.19 0.25 0.299

Soil.Moisture.Hours 4 0.32 0.81 0.004

Four and five factor interactions
pooled

74 2.79 0.38 <0.001

Residual 989(10) 19.96 0.21

Total 1189(10) 100.0
A - Variate: ln(water-extractable P) B - Degrees of freedom C - Percentage of total sum of squares
D - Mean sum of squares E - P-value
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Figure 25. Changes in water-extractable phosphorus with time by fertiliser for
the (a) Ellinbank and (b) Arawata soils.
Error bars are 5% least significant intervals (defined such that non-
overlapping intervals indicate significant differences at the 5% level) for
comparing soil and fertiliser means within time.
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Figure 26. A comparison of phosphorus sorption curves for the Ellinbank and
Arawata soils.

The water-extractable P averaged across all three Arawata low moisture treatments was

similar for DAP and SSP (both 13.6%). This was unexpected. Atmospheric vapour

transfer into the SSP granules was not expected to occur in the 86.5% humidity

treatment that was below the 89.7% vapour pressure of a mono-calcium phosphate

(MCP) triple point solution (Williams, 1969). In addition, under microscopic

examination, in all treatments DAP displayed what appeared to be solution pools on the

granule surface. There were no such pools on the SSP or CSSP fertiliser treatments,

irrespective of the soil moisture, and their presence on the DAP suggested that

dissolution of DAP had commenced.

Analyses of the changes over time from the 86.5% humidity Arawata treatment suggest

that in fact DAP and SSP did behave differently (Figure 28). For example, for DAP the

water-extractable P changed from 17.3% (LSI 22.0 - 13.6) after 8 hours to 8.6% (LSI

11.0 - 6.8) after 336 hours while the equivalent values for SSP were 8.3% (LSI 11.6 -

7.2) and 16.6% (LSI 19.9 - 12.3). Hence, while the means for the 86.5% Arawata

treatments were similar, 13.1% (LSI 16.7 - 10.3) and 11.3% (LSI 14.3 - 8.9) for DAP

and SSP, the trends in water-extractable P over time were reversed. The pattern of

water-extractable P over time for DAP was similar for all low moisture treatments and

the only SSP treatment to show increasing water-extractable P was the Arawata 86.5%

humidity treatment. It may be that a higher proportion of water-soluble anhydrous di-
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calcium phosphate was formed than sparingly soluble di-calcium phosphate dihydride in

the 86.5% humidity Arawata treatment (Holford, 1989).

Figure 27. Changes in water-extractable phosphorus with time by moisture
level for the (a) Ellinbank and (b) Arawata soils.
Error bars are 5% least significant intervals (defined such that non-
overlapping intervals indicate significant differences at the 5% level) for
comparing between levels of moisture within times. For comparing
between soils at high moisture the intervals would be 16% shorter; for
comparing between soils at low moisture the intervals would be 32%
shorter.
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Figure 28. Changes in water-extractable phosphorus with time by fertiliser for
the Arawata soil 86.5% humidity treatment.
Error bars are 5% least significant intervals (defined such that non-
overlapping intervals indicate significant differences at the 5% level) for
comparing between levels of fertiliser within times

Fertiliser type explained only a relatively small proportion of the total variation in

water-extractable P partly due to the effects of the 86.5% humidity Arawata treatment.

More P was extracted from DAP than SSP for the Arawata high moisture treatments

(9.9% and 4.6% respectively) and Ellinbank treatments (low moisture: 5.3% and 2.9%,

high moisture: 8.7% and 2.3%) (P<0.001) (Figure 29). Differences in the chemistry of

the fertilisers may be reflected in these results.

Once dissolution of SSP has been initiated, a highly acidic (pH 1.5) concentrated

solution of P (4.0 M) and Ca (1.44 M) moves into the soil (Lehr et al., 1959; Lindsay

and Stephenson, 1959b). As a result, soil components are dissolved, especially P

reactive cations such as aluminium, iron, manganese and calcium (Lindsay and

Stephenson, 1959b, a). A gradient of osmotic potential is established with fertiliser

solution moving away from, and soil water being drawn towards, the granule (Lehr et

al., 1959). The solubility product of a large range of P compounds is exceeded in the

wetting front. In addition to the comparatively water stable iron and aluminium

phosphates, ca. 20% of the MCP can be deposited as sparingly soluble, metastable di-

calcium phosphate dihydrate (DCPD) in moist soils, while in dry soils approximately

30% of the MCP can be precipitated as water soluble, anhydrous di-calcium phosphate

(DCPA), (Holford, 1989). The conversion of the dihydrate (DCPD) to the anhydrous

(DCPA) form appears to be slower in soil than in pure solution systems. The
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precipitation of more stable compounds than MCP causes a large decrease in the water

extractability of fertiliser P.

Figure 29. Changes in water-extractable phosphorus with time by fertiliser at
(a) high and (b) low soil moisture contents.
Error bars are 5% least significant intervals (defined such that non-
overlapping intervals indicate significant differences at the 5% level) for
comparing between levels of moisture within times. For comparing
between fertilisers at high moisture the intervals would be 12% shorter;
for comparing between fertilisers at low moisture the intervals would be
28% shorter.
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Although studied less, the reaction sequence for DAP applied to soil appears more

complex than for SSP (Khasawneh et al., 1974). The ammonium ions in the basic (pH

8.1, (Sample et al., 1979) solution emanating from the granule move ahead of the

phosphate ions in a rapidly progressing wetting front. As a result of the osmotic

gradient, water moves towards the granule along with cations, especially calcium,

compensating for the outward movement of ammonium. As cation movement is

restricted, an acidic zone is created by hydrolysis of water slightly behind the wetting

front. Unlike SSP reactions where both iron and aluminium participate in further

product formation, within the time scales used in this experiment only aluminium (from

reaction products and other soil constituents) would be expected to participate in further

reactions of DAP products (Sample et al., 1979). The higher reactivity of aluminium as

compared to iron compounds, suggests that DAP reaction products, including those that

may be precipitated close to the granule, may be responsible for the higher

concentrations of P extracted from the DAP treatments compared to SSP.

The sulphur coating of the SSP granules in the CSSP treatment increased water-

extractable P (6.6%) compared to SSP (4.8%, P<0.001) though not to the same extent as

DAP (8.7%). Presumably the coating reduced the surface area available for vapour

transfer and possibly the area of contact between the SSP inner core and the soil. In so

doing, the coating would slow the movement of water into the granules and the

movement of P into the soil, reduce the volume of soil in contact with the SSP

dissolution products and slow the processes leading to P fixation.

As expected, averaged over the range of moisture treatments, water-extractable P

decreased with sampling time, for example, from 9.2% at 8 hours to 5.3% at 336 hours

reflecting the time dependency of mobilisation and fixation reactions.

While the high moisture treatments had greater water-extractable P (7.7%) than the low

moisture treatments (5.1%, P<0.001), the trends were not consistent across fertilisers.

The DAP low and high moisture treatments had similar water-extractable P, 8.4% and

9.2% respectively. For the SSP based fertilisers the equivalent values were 8.6% and

4.4% for CSSP, and 6.3% and 3.2% for SSP. It would appear that the MCP based

fertilisers were responsible for the difference between the high and low moisture



120

treatments rather than DAP. The range of treatments used in this experiment may have

been insufficient to alter the processes occurring in the DAP treatments.

Concluding discussion and management implications

Efficient application of commercial fertilisers is important if diffuse P export from

agricultural land to surface waters is to be controlled. In many catchments, and for the

majority of the year, fertiliser selection has minor environmental consequences.

However, where overland flow occurs within a few weeks of fertiliser application, the

timing of fertiliser application, and potentially the formulation used, is crucial (Chapter

3).

The extent to which the addition of water to the sample cups simulates overland flow is

arguable. However, models of P export from agricultural land after fertiliser application

show a similar decay pattern with time to those observed in this study (Chapter 3).

These experiments suggest that there are differences between DAP and SSP that may

affect P exports soon after their application. These differences depend on both soil type

and humidity/soil moisture. In southern Australia surface applied granules experience

almost 100% humidity under the pasture canopy, and surface soil moisture (0 - 100

mm) rarely falls below 10%. The results of these experiments suggest that under these

conditions DAP will mobilise water-extractable P quicker than SSP. Depending on the

soil hydrology, this could well result in different P exports if overland flow occurs

shortly after (i.e. <10 days) the application of DAP or SSP.

When the experiments described in this thesis commenced it was common practice to

apply fertilisers immediately before heavy rain (ie. ca. 5 cm) in order to "wash the

fertiliser in". This belief appears to have resulted from an unpublished simulation

experiment conducted by a fertiliser company that is no longer in existence and from the

observation that SSP granules could be seen on the soil surface after rainfall. Given the

gypsum component of SSP it is not surprising that the P "appeared" to be sitting on the

soil surface.
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These experiments have shown that fertiliser dissolution, as demonstrated by a change

in water-extractable P, is initiated at lower soil moisture than would normally be

experienced in a pasture environment and that water-extractable P generally decreases

with time. It follows that fertilisers could be applied in late summer/early autumn when

the risk of overland flow is negligible, lessening the risk of P mobilisation directly from

granules. However, the effectiveness of this strategy is dependant on the availability of

P later in the year, especially in spring, when growing conditions are more favourable

and plant requirements are greater.

Applying fertiliser in late summer/early autumn appears to have the same agronomic

benefits as applications later in the year (C. Gourley, pers. comm., April, 2001). If this is

true in fact, applying most of the P fertiliser in late summer/early autumn would appear

to be both an economically and environmentally sound practice if SSP were the

fertiliser used. The effectiveness of using DAP in this way would be questionable given

that the nitrogen component cannot be effectively used at this time of year due to low

soil moisture, and stimulating plant growth is likely to exacerbate the effects of low soil

moisture on pasture persistence.

The belief that summer/early autumn applications of SSP have the same agronomic

benefits as spring applications is both crucial to the recommended timing of fertiliser

application and perplexing. The continuing reactions of P with soil (Barrow and Shaw,

1975; Barrow, 1980, 1989b) would imply that to satisfy plant requirements in spring,

more fertiliser would need to be applied in summer/early autumn than spring. Why then

does fertiliser timing not appear to impact on plant production? Perhaps the part of the

answer lies in the variability associated with pasture systems and an inability to measure

subtle changes in plant production. Fertiliser-timing responses may be difficult to

distinguish from biophysical interactions such as might occur between plant growth

stage and rainfall, especially when the error associated with pasture measurement can be

up to 25% (M. Auldist, pers. comm., December 2002). While outside the scope of this

thesis, the agronomic aspects of this recommendation clearly require further

investigation.
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CHAPTER 5 - Phosphorus export from commercial fertilisers in the

field
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Introduction

Pasture production systems in south-eastern Australia are sustained by either natural

rainfall (rainfed or dryland systems) or rainfall supplemented by irrigation from sources

such as groundwater or dams. Irrigation systems vary from spray irrigation that has

many of the attributes of rainfall, to the more common border (also called border-check,

flood or surface) irrigation. In border irrigation, water is applied to the top of a bay

(commonly ca. 350 x 40 m) in excess of the soil infiltration rate and moves down the

bay as infiltration excess overland flow. Water in border irrigation systems is confined

by check banks (i.e. raised mounds of earth) down the sides of the bay and excess water,

ca. 20% of that applied (Nexhip et al., 1997), is drained from foot. To assist the even

distribution of water, most border irrigation systems are laser graded to a slope of 1:400

to 1:1000, depending on the region. Water is usually applied 10 to 20 times over late

spring/summer/early autumn with most annual applications between 5 and 10 ML/ha.

The P fertilisers usually applied to both rainfed and irrigated pastures are mono-calcium

phosphate (MCP), predominantly in the form of single superphosphate (SSP), and di-

ammonium phosphate (DAP). Laboratory investigations (Chapter 4) suggest that

following the application of these fertilisers to soil water-extractable P is likely to vary

with formulation. Few studies have investigated the export of P from different fertiliser

formulations especially at a field-scale.

The objective of the experiments described in this Chapter was:

To compare P exports following the application of commercial DAP and SSP

fertiliser blends to border irrigation bays.

The ultimate aim of these experiments was to develop guidelines that would reduce P

exports where P fertiliser application occurs during periods when overland flow might

be expected in the following 4 to 10 days.



124

Materials and methods

Phosphorus concentrations in overland flow following the application of two

commercial P fertilisers, DAP (Pivot Ltd., Geelong, VIC, Australia) and SSP

(SuPerfect, Pivot Ltd.) were investigated in two experiments. To balance the nutrients

added with the fertilisers (i.e. nitrogen (N) in DAP and gypsum (CaSO4.2H2O) in SSP),

fertiliser blends that supplied 50 kgP/ha and 80 kgN/ha were applied in both

experiments (Table 17). Ammonium sulfate and urea were used to match the N contents

and provide sulfate application rates of 62 kgSO4
2-/ha and 44 kgSO4

2-/ha for the DAP

and SSP formulations, respectively. As is common in the area, a basal dressing of 71

kgK/ha was also applied. Fertilisers were applied using a tractor and pre-calibrated,

precision, drop spreader (Fiona D78, Scheby Maskinfabrik A/S, Bogense, Denmark).

Table 17. Chemical composition of single superphosphate (SSP) and di-
ammonium phosphate (DAP) fertiliser blends used to compare
phosphorus exports.

Fertiliser
Blend

Total PA

(%)
Total K

(%)
Total S

(%)
Total Ca

(%)
Total Mg

(%)
Total Na

(%)
DAP 8.8 17 5.1 0.19 0.22 0.42
SSP 6.8 12 9.2 17 0.10 0.43

A  - Methods - (Association of Official Analytical Chemists, 1997) - 929.02, 942.02, 957.02, 993.13

Pilot experiment

The Pilot experiment in 1998 used a pair of adjacent irrigation bays previously

established for the purpose of monitoring nutrient exports on the Macalister Research

Farm (38°0'S, 146°54'E) in the Macalister Irrigation District in the Gippsland region of

south-eastern Australia. Pasture in the bays contained perennial ryegrass (Lolium

perenne), white clover (Trifolium repens) and assorted invasive species including dock

(Rumex spp.) and distichum (Paspalum paspaloides). The bays were 1.1 ha (380 m x 30

m) and had been laser graded (1:400) 8 years prior to the experiment.

The soil type on both bays was a vertic, natric grey Sodosol (Isbell, 1996), Natrixerolf

(United States Department of Agriculture, 1998) and Db2.43 (Northcote, 1979).

Selected properties of the soils are presented in Table 18. Both bays were fitted with
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earthen mounds similar to check banks that directed overland flow through a 150 mm

RBC Flume (Clemmens et al., 1984). Overland flow was monitored using ISCO (ISCO

Inc., NE, USA) model 4230 bubbler flowmeters and was automatically sampled using

ISCO 3700 samplers. Rainfall was measured using an ISCO Model 674 rain gauge.

Twenty-one and 18 samples were collected at ca. 5000 L intervals and analysed from

the DAP and SSP treatments respectively.

Table 18. Selected surface characteristics (0 - 100 mm) of the soils on the farms
used for comparing phosphorus exports from fertilisers.

CharacteristicA Macalister
Research

Farm

Anderson
Farm

Boulton
Farm

Textural Class Clay loam
(very fine

sandy)

Fine sandy
clay loam

Light clay
(very fine

sandy)
pH (water) 5.4 5.7 5.6
pH (CaCl2) 4.8 5.2 4.7
Exch. Al (cmol(+)/kg) 14 <10 <10
EC (dS/m) (1:5 soil:water) 0.19 0.28 0.20
Olsen P (mg/kg) 31 32 14
Skene K (mg/kg) 224 100 125
Available S (mg/kg) 410 35 27
Organic matter (%) 5.7 6.2 8.6
Extractable Fe  (mg/kg) 0.35 0.24 0.83
Extractable Al  (mg/kg) 0.08 0.44 0.14
P Buffering (mgP/kg)  11 16 47
Exch. Cations (cmol(+)/kg) 6.9 9.3 18.1
Ca 4.8 7.7 12.4
Mg 1.6 1.3 5.2
Na 0.1 <0.1 0.3
K 0.4 0.2 0.3

A - Methods - pH /EC (Rayment and Higginson, 1992) 4B2
Olsen P (Rayment and Higginson, 1992) 9C2
Skene K (Rayment and Higginson, 1992) 18B1
Organic matter (Rayment and Higginson, 1992) 6A1
Exchangeable cations (Rayment and Higginson, 1992) 15D3 (ammonium acetate)
Available Al (Rayment and Higginson, 1992) 15G1 (1M KCl extract)
Available S (Peverill, 1976)
Extractable Fe (Rayment and Higginson, 1992) 13A1
Extractable Al (Rayment and Higginson, 1992) 13A1
P buffering capacity (Rayment and Higginson, 1992) 9J1, at 5 mgP/L equilib. conc.

The DAP and SSP blends were applied to the respective bays 3 days after irrigation, or

approximately 10 days prior to the next scheduled irrigation. However, a rainstorm of
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18.3 mm resulted in overland flow occurring ca. 5 hours after fertiliser application. The

bays were grazed two days prior to fertiliser application.

Main experiment

The Main experiment used 18 bays on two irrigation farms also in the Macalister

Irrigation District; 8 bays were located on the Anderson farm and 10 bays on the

Boulton farm (Figure 2).

Eight months prior to the experiment, the 1.3 ha bays (385 m × 35 m) on the Anderson

farm were laser graded (1:400) and sown to a mixture of tall fescue (Festuca

arundinacea cv. Advance), white clover (Trifolium repens cvv. Sustain and Will) and

perennial ryegrass (Lolium perenne cvv. Aries and Yatsyn). The 1.2 ha bays (ca. 340 m

x 34 m) on the Boulton farm were laser graded (1:400) 6 months prior to the experiment

and sown to a mixture of ryegrass (Lolium perenne cvv. Impact long rotation ryegrass

and Dobson) and white clover (Trifolium repens cvv. Aran and Sustain). Bays that had

been recently laser graded (<12 months) were used to minimise differences in flow

characteristics and background fertility between bays.

The soil on the Anderson farm was a eutrophic, mottled-subnatric, grey Sodosol (Isbell,

1996), Aquic Natrixerolf (United States Department of Agriculture, 1998) and Db 2.43

(Northcote, 1979). Soil on the Boulton farm was a melanic-sodic, eutrophic, grey

Dermosol (Isbell, 1996), Epiaquoll (United States Department of Agriculture, 1998) and

Gn 3.92 (Northcote, 1979). Selected properties of both soils are presented Table 18.

In the absence of established monitoring equipment, on-bay sampling was used to

compare nutrient exports in the Main experiment. Sampling was initiated when the

irrigation wetting front passed strategic points located 50 m, 150 m, 250 m and 350 m

down the bays from the inlet. Surface water was sampled at the wetting front (i.e. within

2 m of the actual water front) where the depth of water varied between 30 and 70 mm,

and at 100 m intervals behind the wetting front. For any one sampling location at least

14 columns of water, each ca. 70 cm3, were recovered using the equipment described in

Figure 29. The 14 sub-samples were bulked to give one composite sample at each
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sampling point and time. In a number of instances when the wetting front had reached

350 m there was insufficient water at the 50 m mark to collect a sample.

The experiment commenced with irrigation of the Anderson farm on October 21 and

November 8 and 21, 1999 and continued with irrigation of the Boulton farm on

November 22 and December 6 and 20 of the same year. The climatic conditions during

the experiment were typically variable with a total of 7 mm of rainfall on November 6

and 7 and 3 mm on November 21.

Water samples were collected over 3 consecutive irrigations on each farm, one before,

and two following, fertiliser application. The treatment structure comprised 2 fertiliser

treatments, DAP and SSP, and 4 fertiliser application times; 1, 2, 6, 6, and 10 days prior

to the next irrigation for the Boulton farm and 2, 6, 6, and 10 days prior to irrigation for

the Anderson farm. Each fertiliser timing treatment was applied to one pair of irrigation

bays on each farm, except for the 6 day treatment that was applied to two pairs of bays

on each farm. Fertiliser and timing treatments were fully randomised to bays within

farms.

Figure 29. The apparatus used to collect vertically integrated water samples on
irrigation bays.

PVC end cap
(9 mm I.D. hole for air and drainage)

(A (B (C

PVC pipe
(40 mm I.D. × 600 mm long)

stainless steel base seals
against a layer of silicon

(55 mm diameter)

stainless steel handle
and centre support

PVC pipe is held against
seal as the sampler is

rotated. Sample is collected
through the hole in the

PVC end cap

PVC pipe is
lowered into the
flow to collect an
integrated sample
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Water analyses

Water samples were analysed for both total P (TP) and total dissolved P (TDP). Within

12 hours of sampling TDP samples were filtered using 0.45 µm Millipore filters (Cat.

No.HVLP04700, Millipore Corporation Bedford, MA, USA) and, along with the TP

samples, stored below 4oC prior to analysis. Samples that could not be analysed within

5 days of sampling (<10%) were frozen at -20oC until processed. Samples were

analysed using an alkaline persulphate digestion procedure adapted from La Chat

Method number 30-115-01-1-B (Lachat Instruments, 1997) and analysed on a La Chat

Quikchem 8000 (Zellweger Analytics Inc. Milwaukee, WI, USA) flow injection system

at 880 nm. As TDP samples were prepared by filtration, the term dissolved refers only

to materials that passed through a 0.45 µm filter and does not imply that all materials in

the filtrate were in solution.

Statistical methods

No statistical analyses of the Pilot experiment were undertaken due to the lack of

replication.

In the main experiment the TDP data were transformed, ln(TDP+1), to comply with the

assumption of equal variance of residuals across the data set and to normalise the

distribution of residuals. A 2-level indicator was defined to distinguish between the first

irrigation (for which no effect of fertiliser type or timing treatments was possible) and

irrigations 2 and 3. Factorial effects of fertiliser type and timing by irrigation were then

specified as being nested within the ‘irrigation 2 and 3’ level of this factor. This

construct permitted data from the first irrigation, essentially a uniformity trial on bays,

to enter into the analysis, augmenting the otherwise scant information available on error

variance between bays. A mixed-effects model was defined using REML in GenStat 5

(GenStat 5 Committee, 1998) including as fixed effects, the fertiliser type and timing

and irrigation treatment effects, nested within irrigations 2 and 3, in factorial

combination with farm and a combination of two factors specifying the sample position

in terms of the position of the water front and position behind the front. The random

effects in the mixed-effects model were initially specified as sample nested within
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irrigation nested within bay. This was later simplified to sample nested within irrigation

bay since the variance component estimate associated with between bay variability was

not significantly different from 0.

This simplification to the random effects model, in tandem with the exclusion of data

corresponding to fertiliser timing of one day prior to irrigation (i.e. fertiliser applied one

day before the second irrigation), rendered the design sufficiently balanced for analysis

by ANOVA in GenStat 5 (GenStat 5 Committee, 1998). To examine effects of fertiliser

timing of one day prior to irrigation, a similar ANOVA was performed including data

on all fertiliser timings, but restricting data to Boulton’s in order to achieve the required

design balance.

Least significant differences (LSD) were calculated according to experimental structure

and treatment replication using GenStat ANOVA. Least significant intervals (LSI) for

treatment means were calculated as the mean ±½×LSD, so that means were significantly

different at 5% level when intervals did not overlap. Treatment means and LSI end-

points were back-transformed to the P concentration scale for graphical presentation.

All data are presented as geometric means of the replicate values and the relevant

treatments.

Results and discussion

Pilot experiment

The results from the Pilot experiment are presented in Table 19. As in other studies at a

similar scale (Bush and Austin, 2001), and despite thorough irrigation of the bays 3

days earlier and similar estimated steady state infiltration rates, the volume of water

exported in overland flow varied between treatments making load comparisons

potentially misleading. While the DAP treated bay had a P concentration ca. 40% higher

than the bay to which SSP had been applied, the disparity in loads was 64%. An inverse

relationship between overland flow volume and nutrient concentration (i.e. a dilution

effect) was not apparent.
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Up to 53% of the 18.3 mm of rainfall that occurred ca. 5 hours after fertiliser application

was collected as overland flow. The estimates of infiltration derived from water balance

calculations are consistent with those measured on similar soils and the irrigation results

from these bays.

Table 19. Selected storm, site and overland flow characteristics from the Pilot
experiment comparing fertilisers.

Treatment
DAPA SSPB

Chemical characteristics
Total P (mg/L) 97 70
Total DissolvedC P (mg/L) 89 63
P Export (kg/ha storm) 9.0 5.5
Physical characteristics
Incident rainfall  (mm) 18.3 18.3
Duration of runoff (hrs) 38 38
Actual runoff (mm) 9.3 7.9
Estimated infiltration (mm) 9.0 10.4
Runoff (%) 53 43
Estimated steady state infiltration rate (mm/hr)D 0.24 0.27

A - Di-ammonium phosphate B - SuPerfect™
C - Defined as P <0.45 µm by filtration D - Estimated as (rainfall-runoff/runoff duration)

Main experiment

The treatment effects from the Main experiment are summarised in Table 20. As total

particulate P (TPP) was less than 5% of TP and it is probable that TPP was derived from

sources other than fertiliser, only TDP data are presented.

Sampling position behind the wetting front (Front.Position; 49.7%), irrigation pre- and

post-fertiliser (Irr1; 20.5%) application, and irrigation number post-fertiliser application

(Irrigation.Irr1; 15.2%) explained the largest percentage of the total sum of squares.

Also significant (P<0.001), but explaining a lower percentage of the total sum of

squares were the interaction between fertiliser, front position and sampling position

(5.0%), irrigation number following fertiliser application and its interaction with front

position and sampling position (3.5%), the main effect of fertiliser type post-fertiliser

application (1.1%), the farm by irrigation interaction (0.9%), and the farm by fertiliser

timing interaction (0.7%).
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Table 20. Analysis of variance for ln(TDP+1) data from the experiment
comparing fertilisers, excluding fertiliser timing of one day prior to
irrigation two.
The factor ‘Irr1’ distinguishes between the first irrigation (for which no
effect of fertiliser type or timing treatments was possible, as fertiliser was
only applied between irrigations 1 and 2) and irrigations 2 and 3.
Factorial effects of fertiliser type and timing by irrigation were nested
within the ‘irrigation 2 and 3’ level of ‘Irr1’. Thus, for example,
‘Irr1.Fert’, measures the main-effect of fertiliser type, over irrigations 2
and 3.

Sources of VariationA D.F.B Total S.S.C(%) M.S.D PE

Farm.Paddock.Irrigation Stratum
Farm
Irr1
Farm.Irr1
Irrigation.Irr1
Irr1.Timing
Irr1.Fert
Farm.Irrigation.Irr1
Farm.Irr1.Timing
Irrigation.Irr1.Timing
Farm.Irr1.Fert
Irrigation.Irr1.Fert
Irr1.Timing.Fert
Farm.Irrigation.Irr1.Timing
Farm.Irrigation.Irr1.Fert
Farm.Irr1.Timing.Fert
Irrigation.Irr1.Timing.Fert
Farm.Irrigation.Irr1.Timing.Fert
Residual

1
1
1
1
2
1
1
2
2
1
1
2
2
1
2
2
2

24

0.31
20.48
0.73

15.22
0.31
1.06
0.89
0.73
0.58
0.04
0.08
0.09
0.26
0.05
0.27
0.01
0.04
0.62

1.10
73.21
2.61
54.42
0.55
3.80
3.20
1.31
1.04
0.16
0.30
0.15
0.46
0.17
0.48
0.02
0.07
0.09

0.002
<0.001
<0.001
<0.001
0.008

<0.001
<0.001
<0.001
<0.001
0.205
0.086
0.21

0.015
0.183
0.013
0.836
0.483

Farm.Paddock.Irrigation.Sample Stratum
Front.Position
Farm.Front.Position
Irr1.Front.Position
Farm.Irr1.Front.Position
Irrigation.Irr1.Front.Position
Irr1.Timing.Front.Position
Irr1.Fert.Front.Position
Farm.Irrigation.Irr1.Front.Position
Farm.Irr1.Timing.Front.Position
Irrigation.Irr1.Timing.Front.Position
Farm.Irr1.Fert.Front.Position
Irrigation.Irr1.Fert.Front.Position
Irr1.Timing.Fert.Front.Position
Residual

10
9

10
9
9

18
10
9

18
18
9
9

18
293

49.73
0.37
4.98
0.48
3.47
0.40
0.49
0.64
0.18
0.31
0.06
0.11
0.16
2.07

17.77
0.15
1.78
0.19
1.38
0.08
0.17
0.25
0.04
0.06
0.03
0.05
0.03
0.03

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.131
0.001
0.44

0.067
0.221

A - Variate: ln(TDP+1) B - Degrees of freedom C - Percentage of total sum of squares
D - Mean sum of squares E - P-value
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The sampling location in relation to the position of the wetting front explained nearly

half of the total sum of squares (P<0.001). Total dissolved P concentration was highest

in the wetting front and diminished with distance back up the bay but the relationship

was not linear (Figure 30). As P is exported when the wetting front enters the drainage

network this is an important observation. Clearly, sampling irrigation water behind the

wetting front or ponding water prior to sampling, as occurs with many flumes and weirs

and occurred in the Pilot experiment, may result in the underestimation of P

concentrations in drainage.

There were significant differences between the P concentrations pre- and post-fertiliser

application and between the first and second irrigations after fertiliser application. The

mean concentrations across all samples were 0.8, 4.6 and 1.6 mg TDP/L for irrigations

1, 2 and 3, respectively (Figure 31). In the wetting front at the end of the bay (i.e. 350

m) concentrations were of similar relative proportions and close to 4 times higher than

the mean concentrations, 2.3, 17.6 and 6.5 mg TDP/L for irrigations 1, 2 and 3,

respectively.

Increased P export following fertiliser application has been observed in number of

studies (Olness et al., 1980; Withers et al., 2001), as has the decay in P export in the

irrigations following fertiliser application (Austin, 1998; Bush and Austin, 2001). The

decay in TDP concentrations following fertiliser application may reflect both fixation

processes that occurred after the first post-fertiliser irrigation, and the transport of

fertiliser P into the soil with the irrigation water, away from the surface where it could

be mobilised into overland flow from the following irrigation. In this experiment

climatic conditions were conducive to dissolution of fertiliser granules because the dew

point was exceeded on most evenings. It was therefore expected that fixation reactions

at the soil surface would reduce TDP concentrations in subsequent overland flow and

the timing of fertiliser application prior to irrigation would explain a significant

percentage of the total sum of squares. This was not the case. Fertiliser timing explained

<1% of the sum of squares, while the irrigation number following fertiliser application

explained 15.5%, suggesting that the physical transport of P into the soil may have been

the more important of the two processes. These results may reflect the rapid

mobilisation of fertiliser dissolution products at the wetting front where infiltration rates

are greatest.
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Figure 30. Mean total dissolved phosphorus (TDP) concentration versus
distance behind the wetting front for (a) SSP and (b) DAP when the
wetting front was located (i) 150, (ii) 250 and (iii) 350 m from the
inlet to the bay.
Data shown are from the second irrigation only. Error bars are 5% least
significant intervals for comparing between fertiliser compounds within
sampling position. Intervals that do not overlap indicate differences that
are significant at the 5% level.

The time between fertiliser application and irrigation was a major treatment investigated

in this experiment. While statistically significant, the effect of time was variable

between farms and fertilisers. In keeping with other studies (Bush and Austin, 2001),

TDP concentrations tended to decrease as the interval between fertiliser application and

irrigation increased (Figure 32), but in this experiment the trend was inconsistent. The
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small percentage sum of squares explained by fertiliser timing probably reflects the

relative importance of other effects (i.e. IrrI, Front.position).

Figure 31. Mean total dissolved phosphorus (TDP) concentration versus
distance behind the wetting front for (a) the irrigations before and
(b) first and (c) second irrigations following fertiliser application
when the wetting front was at 350 m.
Error bars are 5% least significant intervals for comparing between
fertiliser timings or between farms. Intervals that do not overlap indicate
differences that are significant at the 5% level.

The effects of fertiliser compound on TDP in overland flow was highly significant

(P<0.001), and the difference between the two compounds was the reverse of the Pilot

experiment. The DAP treatments had lower TDP concentrations than the SSP treatments

(2.4 mgTDP/L and 3.2 mgTDP/L respectively averaged across irrigations 2 and 3).

Importantly, the TDP in the wetting front at 350 m showed a similar trend, 8.7

mgTDP/L and 13.4 mgTDP/L for the respective treatments. The rates of P mobilisation

from DAP and SSP granules and their reaction products, and the hydrology of the soils

used in the Pilot and Main experiments, provide a possible explanation of these results.
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Figure 32. Mean total dissolved phosphorus (TDP) concentration for all
sampling locations (i.e. wetting front at 350 m) versus the days
between fertiliser application and irrigation by fertiliser type and
farm for (a) SSP and (b) DAP on the (i) Anderson and (ii) Bolton
farms.
Data shown are from the second irrigation only. Error bars are 5% least
significant intervals for comparing between fertiliser timings or between
farms. Intervals that do not overlap indicate differences that are
significant at the 5% level.

Laboratory experiments (Chapter 4) indicated that shortly after application to soil (i.e.

<14 days), DAP yields higher water-extractable P concentrations than SSP, particularly

at soil moisture contents above 15%. For example, after 8 hours at ca. 20% soil

moisture, 17.6% of the P (ln(%P) = 2.87, SE = 0.079) was extracted from DAP applied

to soil while under similar conditions only 5.3% of the P (ln(%P) = 1.67, SE = 0.079)
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was extracted from the SSP. In the same study more than 50% of the P in DAP was

extracted within one hour of immersion in water, while the equivalent extraction took 6

hours for SSP.

In the Pilot experiment there was ca. 5 hours between fertiliser application and overland

flow and only 10 mm of the rainfall infiltrated the soil. With limited time for soil and

fertiliser interaction before flow began the water-extractable P mobilisation probably

reflected the relative concentrations observed in the immersion experiments (i.e. DAP >

SSP, Chapter 4). With the soil being wet from the previous irrigation, the infiltration

rates would be more uniform than if the soil had been drier (i.e. nearer wilting point)

prior to the rain and the concentration of P entering soil would approximate that of the

overland flow as P would be well mixed through the water column by raindrop impact

on the recently grazed pasture (Ahuja and Lehman, 1983). Consequently, while the P

concentrations in overland flow might be slightly reduced by infiltration of additional P

from DAP, P exports in drainage would predominantly reflect differences in the short-

term water-extractable P between the fertilisers.

In the border irrigation system used in the Main experiment, P exports are also likely to

have reflected P mobilisation. In border irrigation systems, water is applied when the

soil water deficit (i.e. evaporation - rainfall measured using Class A Pan evaporation) is

ca. 40 mm and the infiltration rate decays rapidly behind the wetting front (Austin,

1998). Under these circumstances, P rapidly mobilised from DAP would infiltrate the

soil as the wetting front passes. While some P from SSP would also infiltrate the soil,

much of the P from SSP would be mobilised when infiltration rates had declined to near

steady state values

The concentrations of P behind the wetting front are consistent with this explanation. In

the event that P from DAP was rapidly mobilised from the granules, the P

concentrations behind the wetting front should be low and close to uniform as P from

the granule and dissolution products would be depleted. In the case where P

mobilisation occurs more slowly, as is suggested for SSP, the P concentration should be

inversely related to the distance behind the wetting front, commensurate with granule to

water contact time. Figures 30 aiii and biii suggest that such relationships may exist in

these data.
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Interestingly, the P concentration in the wetting front is higher for the SSP than the

DAP treatment. The fertilisers were generally applied well before irrigation (i.e. >24

hours). The laboratory experiments (Chapter 4) suggest that sufficient time had elapsed

for a significant portion of the P to be mobilised in a water-extractable form from the

DAP, and to a lesser extent the SSP granules. This P would infiltrate the soil as the true

wetting front passed. By necessity overland flow was sampled where the water depth

varied from 30 to 70 mm (i.e. within 2 m of the actual water front). Consequently, the

estimates of P are unlikely to reflect the concentrations infiltrating at the true wetting

front.

Concluding discussion and management implications

It is tempting when presented with a set of laboratory data that suggests considerably

more P is mobilised from one P fertiliser than another to include a blanket

recommendation in ‘Best Management Practice’ guidelines (Waters, 1996). These

experiments demonstrate the complexity of real farming systems and the complex

relationships between physical and chemical phenomenon that govern their off-site

impact.

It would appear that substantial environmental gains (ca. 25%) may be possible by

avoiding the use of DAP on saturated soil. In high rainfall systems without irrigation

this could be achieved by avoiding the use of DAP in winter and spring. However the

evidence is as yet insufficient to support the use of a legislative instrument to achieve

the desired outcome. Firstly, it would be premature to base such a recommendation on

laboratory data and one unreplicated field experiment. Secondly, for reasons of

trafficability and pasture damage, few fertilisers are applied to truly saturated soil.

Depending on the soil moisture and infiltration rates, DAP may well not increase P

export compared to SSP. Where a composite fertiliser is required, an additional problem

with prohibiting the use of DAP when soils are wet is the long-term damage to soil

structure caused by additional passes of spreading equipment. If this results in reduced

infiltration rates then it may increase infiltration excess overland flow and nutrient

exports.
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The situation for irrigation farms is clearer. Phosphorus concentrations in the wetting

front at 350 m (14 and 22 mgP/L for DAP and SSP respectively for the irrigation

following fertiliser application), suggest that the exclusive use of DAP may reduce P

exports compared to SSP. The wetting front is primarily responsible for P exports and

was sampled ca. 2 m behind the leading edge. Assuming that the measurements made in

this experiment reflect the concentration profiles from the two fertilisers adequately, it

is reasonable to assume that in the absence of rainfall the use of DAP will reduce P

exports. However, it would be prudent to test that assumption under a range of

conditions before it is universally applied. Furthermore, the mechanisms that lead to

differences in P concentrations between these products should be established to support

conclusions drawn from these empirical studies.

The time between fertiliser application and overland flow appears to be a key

management tool that can be used to reduce P exports. In a dryland situation, fertilisers

can be applied in late summer/early autumn when overland flow is unlikely. In addition,

fertiliser application schedules can be aligned with weather forecasts to minimise

environmental impacts in late winter/early spring. These experiments suggest that on

border irrigation farms, maximising the time between fertiliser application and

subsequent irrigation may reduce P exports by ca. 30 - 50% compared to irrigation

immediately following fertiliser application. However, the decrease in P exports is

likely to be variable and will probably depend on soil type and conditions. As there does

not appear to be any adverse agronomic impacts of this practice, maximising the time

between fertiliser application and irrigation could reasonably be considered a part of

prudent farm management.

A management option that was not specifically considered in these experiments was

leaving a ‘buffer’ strip of unfertilised pasture around drains and drainage lines. These

experiments broadly support this concept. However soil properties, especially

infiltration rate, probably have large bearing on the effectiveness of unfertilised buffer

strips in decreasing P export.
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CHAPTER 6 – Tracing phosphorus derived directly from fertiliser
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Introduction

Both the P and metal contaminants in commercial fertilisers can adversely affect

receiving waters when they are mobilised into overland flow. Phosphorus in water

stimulates the growth of aquatic plants, including undesirable algae (Sharpley and

Menzel, 1987). Metal contamination also reduces the amenity value of water, especially

for aquacultural production and as a potable water source (National Health and Medical

Research Council, 1999). Trace amounts of metals such as zinc and copper are essential

for humans but long term exposure to these and other metals, such as cadmium and

lead, can cause kidney and central nervous system dysfunction, respectively (National

Health and Medical Research Council, 1996).

Chapter 3 demonstrated that P exports could be partitioned into components that are

under management control (preventable/incidental) and those that are the result of a

particular land use management system (systematic). Fertiliser applications were shown

to be the largest contributor to preventable P exports.

Exports of P from fertilisers applied to pasture systems have been extensively studied

(Olness et al., 1980; Bush and Austin, 2001). While isotopes of strontium and

neodynium have been used to infer the contribution of anthropogenic sources, such as

fertilisers, to P in catchment systems (Martin and McCulloch, 1995; Martin and

McCulloch, 1999), few if any studies have investigated the concurrent mobilisation of P

and metal contaminants directly from fertilisers.

Metal contaminants, particularly strontium and cadmium, may be useful for tracing P

that is derived directly from commercial fertilisers. Strontium is a divalent cation that is

mobile in water but more strongly adsorbed to phyllosilicates and organic matter than

calcium (Capo et al., 1998). The concentration of strontium in soils varies from below

10 mg/kg to over 1000 mg/kg and in seawater and river water is ca. 8 mg/L and

<0.1 mg/L, respectively (Bohn et al., 1979; Faure, 1986; Sposito, 1989).

Cadmium is a contaminant of fertilisers that accumulates in soil. Consequently a limit of

350 mgCd/kgP in fertilisers has been established by the Victorian Government.
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Cadmium impurities in superphosphate appear to be water soluble and accumulate in a

cation exchangeable form in the top 100 mm of soil (Williams and David, 1973).

The solubility of strontium and cadmium derived from fertilisers and their affinity for

exchange complexes in soil suggests that these contaminants could be used to trace P

derived from the same source. The field experiment reported in this Chapter

investigated the effect of di-ammonium phosphate (DAP) and single superphosphate

(SSP) blends on the concentrations of P, strontium, copper, zinc, cadmium, lead,

chromium and nickel in overland flow following border (also called border-check,

surface and flood) irrigation. The primary objective of the experiment was to test the

concept that metal contaminants could be used for tracing P derived directly from

commercial fertilisers. For this technique to be useful it would be necessary to establish

a clear and strong relationship between changes in P concentrations following fertiliser

application and changes in the concentration of the contaminants.

Materials and methods

Phosphorus and selected metal concentrations were measured in overland flow from

border irrigation bays, following the application of 2 commercial fertiliser blends based

on di-ammonium phosphate (DAP) and single superphosphate (SSP) (SuPerfect, Pivot

Ltd., Victoria, Australia). Samples from the Main experiment described in Chapter 5

were used. The chemical compositions of the fertiliser blends are presented in Table 17

and Table 21.

Table 21. Selected chemical characteristics of the fertiliser blends used in the
fertiliser phosphorus tracing experiment.

Fertiliser
Blend

Total
Sr

(mg/kg)

Total
Cu

(mg/kg)

Total
Zn

(mg/kg)

Total
Cd

(mg/kg)

Total
Pb

(mg/kg)

Total
Cr

(mg/kg)

Total
Ni

(mg/kg)
SSP 890 50 200 13.4 <10 15 <10
DAP 26 <10 30 1.3 <10 21 <10

Fertiliser samples were prepared for strontium, copper, zinc, cadmium, lead, chromium,

nickel and total P analyses by digesting 0.25 g of a finely ground fertiliser sample in a

mixture of nitric and perchloric acids. The digestate was then analysed using
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Inductively Coupled Plasma - Emission Spectrometry (ICPES). Water samples were

analysed for metal content using ICPES without digestion. These analyses were

undertaken at the State Chemistry Laboratories (Department of Natural Resources and

Environment, Melbourne, Australia).

Statistical methods

For statistical analyses the 4 analyte concentrations in the wetting front (i.e. the wetting

front at 50, 150, 250 and 350m down the bay) were averaged within each bay. A 2-level

indicator factor (Irr1) was defined to distinguish between the first irrigation (for which

no effect of fertiliser type or timing treatments was possible) and irrigations 2 and 3.

Factorial effects of fertiliser type (Fert) and timing (Timing) by irrigation (Irrigation)

were then specified as being nested within the ‘irrigation 2 and 3’ level of this factor.

This construct permitted data from the first irrigation to enter into the analysis. A

mixed-effects model was defined including as fixed effects the fertiliser type and timing

and irrigation treatment effects, nested within irrigations 2 and 3, in factorial

combination with farm. The random effects in the mixed-effects model were initially

specified as irrigation nested within bay but were later simplified to irrigation.bay as the

variance component estimates associated with bay were negligible (less than 1.7 times

their standard error in magnitude for each analyte - the bay variance component

estimate was negative for 5 out of 8 analytes). This simplification to the random effects

model rendered the design sufficiently balanced for analysis by ANOVA in GenStat 5

(GenStat 5 Committee, 1998).

An important objective was to assess the potential of individual metal analytes as

markers for fertiliser-derived P. The concentration differences between the first and

subsequent irrigations were calculated for each analyte. These differences provided

estimates of fertiliser-derived analyte concentration, simply by subtracting out the pre-

fertiliser background concentrations measured in the first irrigation.

To focus on the relationships between metals and P generated by the fertiliser type and

timing treatments, the differenced data were then averaged within bays. This simplified

the data structure, bays being the appropriate experimental unit. These means were then

employed in regression analyses to examine relationships between fertiliser-derived P
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and fertiliser-derived metals. The regression models for change in P included a 2-level

factor for farm, a 2-level factor for fertiliser type, a linear term for the change in metal

concentration, and all 2 and 3-way interactions of these terms. Irrigations 2 and 3 were

analysed separately. Residuals were examined graphically for distributional normality

and heterogeneity of variance. No data transformation was required.

All data are presented as means of the respective treatments.

Results and discussion

The concentrations of various analytes in the overland flow measured at the wetting

front and averaged over fertiliser timing treatments are presented along with some

reference concentrations in Table 22.

The P concentrations in the overland flow compare unfavourably with the annual 90th

percentile target of 0.12 mgTP/L for streams in the Macalister Irrigation District (EPA,

1995). While the concentrations of the various metal species were within the guidelines

for potable water (National Health and Medical Research Council, 1996), with the

possible exception of chromium, all samples, including pre-fertiliser application

samples, were above the trigger values for Australian and New Zealand streams

(National Health and Medical Research Council, 1999). It would appear that the

concentrations of metals, particularly zinc and copper, in overland flow from this border

irrigation system may adversely affect some aquatic environments. Presumably,

carbonates may be mobilised from alkaline soil would reduce the impact of metals in

some instances (National Health and Medical Research Council, 1999).

A statistical analysis of the factors affecting the concentrations of the analytes is

presented in Table 23. There were differences in P, strontium, cadmium and nickel

between farms. The concentrations in soil of Olsen P, and total strontium, copper, zinc,

cadmium, lead, chromium and nickel were 32, 11, 6.5, 8.0, <0.3, 8.2, 13 and 4 mg/kg

for the Anderson farm, and 14, 33, 18, 79, <0.3, 16, 24 and 26 mg/kg for the Boulton

farm.
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Table 22. Mean analyte concentrations in the wetting front of irrigation-induced overland flow and selected reference values.

TDP
(µg/L)

Sr
(µg/L)

Cu
(µg/L)

Zn
(µg/L)

Cd
(µg/L)

Pb
(µg/L)

Cr
(µg/L)

Ni
(µg/L)

Irrigation 1 – No fertiliser 1680 43.17 7.21 19.84 0.119 3.78 2.42 3.31

Irrigation 2
– First irrigation after application of SSP

17500 89.28 8.75 28.03 0.309 4.14 1.81 4.09

Irrigation 3
– Second irrigation after application of  SSP

4120 87.34 8.40 22.91 0.266 4.90 2.47 3.37

Irrigation 2
– First irrigation after application of  DAP

11190 58.09 6.90 18.16 0.138 3.24 2.13 3.81

Irrigation 3
– Second irrigation after application of  DAP

3130 50.47 7.15 25.00 0.191 3.38 2.24 3.41

Standard errors of difference
– Fertiliser x irrigation

496 4.25 1.118 3.48 0.0366 0.881 0.506 0.433

Standard errors of difference
– for comparison with Irrigation 1

430 3.68 0.968 3.01 0.0317 0.763 0.438 0.375

Trigger Level for Freshwater
(National Health and Medical Research Council,
1999)

0.33 2.4 0.013 1.2 Cr(III) 9
Cr(VI) 1.1

0.7

Australian Drinking Water Guidelines
(National Health and Medical Research Council,
1996)

1000 3000 2 10 Cr(VI) 50 20
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Table 23. Analysis of variance for total dissolved phosphorus (TDP) concentration and other metal concentrations in the
wetting front during three consecutive irrigation events on sixteen irrigation bays over two farms.
The factor ‘Irr1’ distinguishes between the first irrigation (pre-fertiliser) and irrigations 2 and 3 (post-fertiliser). Factorial effects of
fertiliser type (SSP and DAP) and timing by irrigation (2, 6 and 10 days prior to irrigation 2) were nested within the ‘irrigation 2 and 3’
level of ‘Irr1’. Thus, for example, ‘Irr1.Fert’, measures the Main-effect of fertiliser type, over irrigations 2 and 3.

Sources of Variation (%)A D.F.B TDP Total Sr Total Cu Total Zn Total Cd Total Pb Total Cr Total Ni

Farm.Paddock.Irrigation Stratum
Farm 1 1.4** 20.0** 0.0 0.5 14.7** 7.9 1.6 32.1**
Irr1 1 27.1** 21.3** 1.3 3.9 16.0** 0.1 1.8 2.5
Farm.Irr1 1 2.0** 1.0* 7.9 2.5 1.3 8.5 5.4 2.8
Irrigation.Irr1 1 43.8** 0.5 0.0 0.2 0.0 1.1 3.0 4.7
Irr1.Fert 1 5.1** 23.4** 6.8 3.3 15.9** 7.8 0.0 0.2
Irr1.Timing 2 3.7** 0.9 7.0 10.5* 1.9 8.9 5.1 0.2
Farm.Irrigation.Irr1 1 3.8** 16.2** 3.2 4.5 17.6** 2.1 0.7 3.9
Farm.Irr1.Fert 1 0.1 0.6* 0.0 1.1 0.0 0.5 0.3 0.4
Irrigation.Irr1.Fert 1 2.7** 0.2 0.3 7.7* 2.5 0.5 1.6 0.4
Farm.Irr1.Timing 2 2.0** 0.9 7.6 2.0 0.3 4.0 4.6 1.9
Irrigation.Irr1.Timing 2 3.7** 0.8 4.2 8.7* 4.0 0.8 7.3 4.9
Irr1.Fert.Timing 2 0.4* 1.3* 5.4 0.1 0.7 0.2 1.7 1.1
Farm.Irrigation.Irr1.Fert 1 0.1 0.1 0.1 4.1 0.7 0.1 0.4 0.5
Farm.Irrigation.Irr1.Timing 2 1.7** 0.3 3.3 5.7 3.0 0.6 0.4 7.2
Farm.Irr1.Fert.Timing 2 1.2** 2.9** 9.7 13.5* 2.3 3.8 1.1 0.3
Irrigation.Irr1.Fert.Timing 2 0.2 5.3** 0.5 0.2 2.3 3.4 2.9 3.8
Farm.Irrigation.Irr1.Fert.Timing 2 0.4* 1.4* 0.3 4.3 0.6 2.3 0.8 0.7
Residual 22 0.7 3.0 42.5 27.0 16.2 47.4 61.2 32.4

A- Percentage of total sum of squares B- Degrees of freedom       *=Pr<0.05      **=Pr<0.01
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It had been expected that the soil with the highest Olsen P would have received more P

in fertiliser and therefore have higher concentrations of other metals. This expectation

was founded on the assumption that fertiliser was the major source of these metals and

their concentration in fertiliser would not vary greatly between farms since the source

materials used by most Australian manufacturers was similar (I. Grant, pers. comm.,

July 2001) and until recently, only one manufacturer supplied most of the Maffra area.

However, in the preparation of lasered bays for planting it is common in this region to

apply lime and sometimes gypsum (calcium sulphate). It is possible that the difference

in metal concentrations between farms reflects the use of these amendments and their

respective sources.

Fertiliser application increased the concentrations of TDP, strontium and cadmium in

the overland flow. The effect of fertiliser type (Irr1.Fert) was highly significant for these

analytes but no others. These results are consistent with the relative concentrations of

strontium and cadmium in the two fertiliser blends (Table 21). This suggests that

strontium and cadmium may be useful for distinguishing between fertilisers. For

example, the mean strontium concentration for the irrigation prior to fertiliser

application was 43 µg/L, whereas the mean concentration for irrigations after fertiliser

application were 54 and 88 µg/L for DAP and SSP respectively. The concentrations of

copper and zinc also varied between fertilisers but the inclusion of these elements in

feed additives (Greg Hayes, Ridley Agriproducts Pty.. Ltd., VIC, Australia, pers. comm,

March 2000.) may have masked fertiliser effects in this analysis.

The irrigation number after fertiliser application (Irrigation.Irr1) was not statistically

significant for either cadmium or strontium but was for TDP. Total dissolved P changed

from 11.2 to 3.1 and 17.5 to 4.1 mg/L for DAP and SSP while the equivalent cadmium

concentrations changed from 0.14 to 0.19 and 0.31 to 0.27 µg/L, and strontium

concentrations changed from 58 to 51 and 89 to 87 µg/L. In addition, irrigation number

after fertiliser application interacted with farm. Cadmium and strontium concentrations

increased on the Anderson farm from 0.20 to 0.33 µg/L for cadmium and 45 to 68 µg/L

for strontium, and decreased on the Boulton farm from 0.25 to 0.13 µg/L for cadmium

and 103 to 70 µg/L for strontium, between irrigations 2 and 3 that followed fertiliser

application. These results are of concern if strontium or cadmium are to be used for
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tracing P as the decay in P concentrations following irrigation is well established

(Austin et al., 1996).

An accumulated analysis of variance for the regression of the change in TDP on the

change in other analytes, farm, fertiliser type and the interactions is presented in

Table 24. There was a strong effect of farm on the change in TDP following fertiliser

application with mean TDP changing from 2.2 to 7.5 and 1.2 to 10.4 mg/L for the

Anderson and Boulton farms respectively. This may reflect the fixation reactions

occurring on the respective farms and differing soil hydrology that increased P

infiltration on the Anderson farm (Chapter 5).

The variance in the change in TDP concentrations explained by the addition of the

changes in other analyte concentrations to the regression was significant for cadmium,

strontium, copper and zinc. The lower percentage of the variation explained by the

strontium is consistent with it mainly being mobilised from one fertiliser, SSP, and the

size of the strontium - fertiliser type interaction term (dT-analyte.Fert, Figure 33).

Strontium was the only metal for which the analyte - fertiliser type interaction term was

significant. This was surprising since the effect of fertiliser type (Irr1.Fert) in the

previous analysis was also significant for cadmium. The results suggest that the absolute

concentration of cadmium in the overland flow was affected by fertiliser type, but P did

not exhibit similar effects, within the range of these data. The consistency of the

relationship between the change in the cadmium concentration and the change in the

TDP concentration may indicate that cadmium could be used to trace P from a range of

sources (Figure 34).

For the second irrigation following fertilisation the addition of the changes in cadmium

and strontium to the regression were not significant. Again this suggests that these

metals are likely to be poor tracers for fertiliser-derived TDP after the first irrigation

following fertiliser application. The continuing elevated concentrations of strontium and

cadmium in overland flow may reflect the paucity of fixation reactions occurring in the

organic surface soil, and the interaction between the rate of release of analytes and soil

hydrology that affect concentrations at the wetting front.
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Table 24. Accumulated analysis of variance for change in total dissolved phosphorus (TDP) concentration between the first (pre-
fertiliser) irrigation and the subsequent two (post-fertiliser) irrigations.
Independent terms in the model included farm (Farm), fertiliser type (Fert), a linear regression term for change in metal
concentration (dT-analyte) and their interactions. The TDP and analyte concentrations were the average of values at the wetting
front within the bays.

Analyte
Sources of
variation

Total  Sr
(%A)

Total  Cu
(%)

Total  Zn
(%)

Total  Cd
(%)

Total  Pb
(%)

Total  Cr
(%)

Total  Ni
(%)

First Irrigation after fertiliser application
Farm 35.20** 35.20** 35.20** 35.20** 35.20* 35.20* 35.20**
dT-analyte 17.56* 27.55* 37.32** 47.70** 0.37 2.88 8.15
Fert 7.84 9.29 7.62* 1.72 26.06* 20.82* 23.25*
dT-analyte.Farm 0.12 0.21 1.96 0.00 0.52 2.38 5.79
dT-analyte.Fert 17.05* 4.80 1.03 0.02 0.10 0.05 0.35
Farm.Fert 0.19 0.83 0.00 0.07 0.35 0.44 0.97
dT-
analyte.Farm.Fert 0.05 0.94 5.72* 0.15 0.05 0.53 0.59

Residual 22.00 21.19 11.15 15.15 37.35 37.71 25.70
Second irrigation after fertiliser application

Farm 6.98 6.98 6.98 6.98 6.98 6.98 6.98
dT-analyte 21.54 12.42 4.92 2.52 25.30 10.03 18.54
Fert 0.01 8.38 26.86* 21.51 3.39 16.86 18.02
dT-analyte.Farm 4.73 16.42 2.02 4.30 5.10 8.56 5.23
dT-analyte.Fert 1.58 0.30 0.53 4.79 0.30 0.07 0.08
Farm.Fert 7.26 0.36 0.04 1.19 2.43 2.60 0.41
dT-
analyte.Farm.Fert 0.00 7.80 30.96 3.79 2.73 11.26 8.56

ResidualB 57.90 47.34 27.69 54.91 53.77 43.65 42.19
A - Percentage of total sum of squares B - 10 degrees of freedom for the residual *=Pr<0.05  **=Pr<0.01
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Figure 33. Change in total dissolved phosphorus (TDP) concentration versus
change in strontium concentration for: (a) Anderson farm/DAP; (b)
Anderson farm/SSP; (c) Boulton farm/DAP and (d) Boulton
farm/SSP.

Concluding discussion

The ability to trace the sources of P contaminating water resources is fundamental in

order to optimise remedial action. The data from this experiment suggest that cadmium

and strontium have attributes that may be useful for tracing P derived directly from

fertilisers; strontium for tracing P derived from SSP and cadmium for tracing P derived

from a wider range of fertilisers.
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However, this experiment also suggests that the background concentrations of cadmium

and strontium in overland flow are likely to vary between farms, and that the decay in P

generation rates from fertilisers is not reflected in changes to strontium and cadmium

concentrations. Consequently, the application of this technique would appear to be

limited to the first overland flow event following fertiliser application.

Figure 34. Change in total dissolved P (TDP) concentration versus change in
cadmium concentration for: (a) Anderson farm/DAP; (b) Anderson
farm/SSP; (c) Boulton farm/DAP and (d) Boulton farm/SSP.
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 CHAPTER 7 – Tracing organic sources of phosphorus
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Introduction

In Chapter 3 it was shown that P exports could be partitioned into components that are

under management control (preventable/incidental) and those that are the result of a

particular land use management system (systematic). Systematic exports of P may well

be derived from a range of organic source materials. The ability to trace P sources is a

necessary pre-requisite to the identification of effective remedial action to reduce

systematic exports of P derived from organic sources.

Lipids are a heterogeneous class of substances that includes fats and oils. The

predominance of carbon-to-carbon and carbon-to-hydrogen bonds in lipids results in an

essentially non-polar structure with low solubility in water but high solubility in non-

polar organic solvents such as n-hexane. Lipids contain variable length, branched,

hydrocarbon chains, including cyclic hydrocarbons, and a range of functional groups,

and as a result are often species specific (Jones et al., 1994).

The species specificity of lipids, especially the unsaponifiable neutral lipids from the

sterol and, to a lesser extent, hopanol groups, has facilitated their use in tracing studies.

Sterols are formed by the cyclisation of the C30 isoprenoid hydrocarbon squalene in both

plants and animals and have important biological functions, for example in cell

membranes (O'Leary et al., 1994). Hopanoids are characterised by an interlocking

pentacyclic (5-ring) structure consisting of 1-cyclopentane (5-carbon) and 4-

cyclohexane (6-carbon) rings and are found in all bacteria and higher plants but are

absent in animals (Jones, 1993). Hydroxyl and amino group substitution in the side-

chain in hopanoids and methyl- and ethyl-substitution in the side chains of sterols

distinguishes chemical species within the groups.

Coprostanol, a stanol, is commonly used to study faecal pollution (Nichols and

Leeming, 1991; Leeming and Nichols, 1996; Nichols et al., 1996). It is formed by the

hydrogenation of the double bond between C5 and C6 in the second hexane ring of

cholesterol, a sterol. While only trace amounts of cholesterol are found in plant tissues,

it is an important membrane component of animal cells (Christie, 1989). Consequently

cholesterol consumed by meat eating animals is converted to coprostanol on passage
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through the gut and is found in the faeces (Rosenfeld and Gallagher, 1964; Rosenfeld et

al., 1967; Rosenfeld and Gallagher, 1971; Martin et al., 1973). Similarly 24-

ethylcoprostanol and 24-ethylepicoprostanol can be used to distinguish faeces from

herbivores (Leeming et al., 1994). In both cases the sterol profiles of the faeces reflect

the diet of the source animal and conversions in the digestive tract (Leeming et al.,

1995).

This Chapter presents an analysis of unsaponifiable neutral lipids (biomarkers) in

agricultural pasture species, cow faeces, soil, decaying vegetation and overland flow

samples. Lipids were extracted from source materials, particulate and dissolved

fractions of water extracts of these source materials, and the particulate (>0.45 µm) and

dissolved fractions (<0.45 µm) of overland flow.

The aim of the study was to test the concept that unsaponifiable neutral lipids could be

used to trace the source of organic materials in overland flow. In essence, the object of

the study was to determine if unsaponifiable neutral lipids could be used in a Type I

application (i.e. to determine if a particular source is contributing to the contaminants in

overland flow and/or river water) as described in Chapter 2. While the concept and

justification for using organic compounds to trace contaminants in water was developed

as part of this thesis, it is not within the scope of this study to fully develop this

technology or undertake a full mathematical analyses (i.e. cluster analyses, demixing) of

these initial results.

Materials and methods

Sample collection and storage

Details of the source materials and overland flow used in these studies are presented in

Table 25. Source materials were collected in November 2000 from dairy farms at

Ellinbank and Darnum (Figure 2). Additional samples were collected during January

2001 from the Macalister Research Farm (MRF) at Maffra.
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Table 25. Details of source materials and overland flow samples used in organic tracing studies.

Sample Location Details Replicates Date sampled
Cow Faeces Ellinbank Grass fed (fresh) 2 20 November 2000

Grass fed (dry) 1 22 November 2000
Grain and grass fed (fresh) 1 21 November 2000
Grain and grass fed (dry) 2 21 November 2000

MRF Grass fed (fresh) 1 11 January 2001
Grain and grass fed (fresh) 1 11 January 2001

Lolium perenne (perennial ryegrass) Ellinbank 1 leaf 2 20 November 2000
3 leaf 2 20 November 2000

MRF 1 leaf 1 9 January 2001
3 leaf 1 10 January 2001

Trifolium repens (white clover) Ellinbank 1 21 November 2000
MRF 1 11 January 2001

Rumex spp. (dock) Ellinbank 1 22 November 2000
Arctotheca calendula (capeweed) Ellinbank 1 22 November 2000
Plantago lanceolata (plantain) Ellinbank 1 22 November 2000
Hypochoeris radicata (flatweed) Ellinbank 1 22 November 2000
Decaying Vegetation Ellinbank 3 9 November 2000

MRF Field A 1 10 January 2001
Field B 1 10 January 2001

Surface Soil Darnum Dermosol 2 9 November 2000
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Table 25. Details of source materials and overland flow samples used in organic tracing studies. (Continued).

Sample Location Details Replicates Date sampled
Fertiliser DAP 1 8 November 2000

SSP 1 8 November 2000
Overland flow Arawata (0.9 ha) Start of overland flow 1 25 October 2000

Middle of overland flow 1 26 October 2000
Darnum (1.8 ha) Composite across overland flow event 1 19 October 2000

Middle of overland flow 1 19 October 2000
Trafalgar (2.4 ha) Composite across overland flow event 1 19 October 2000

Middle of overland flow 1 19 October 2000
MRF Section A (14 ha) Middle of overland flow 1 2 December 2000

Start of overland flow 1 10 January 2001
Middle of overland flow 1 10 January 2001

MRF Section B (8.9 ha) Middle of overland flow 1 2 December 2000
MRF Field A (2.3 ha) Composite across overland flow event 1 3 December 2000

Start of overland flow 1 12 January 2001
End of overland flow 1 13 January 2001

MRF Field B (2.6 ha) Composite across overland flow event 1 1 December 2000
Start of overland flow 1 12 January 2001
Middle of overland flow 1 12 January 2001
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All equipment (i.e. spatulas, scissors, soil corer, glassware, bottles, sieves) used in the

study was washed thoroughly with a dichloromethane/methanol (both Mallinkrodt,

USA; Nanograde) mixture prior to use and between samples to minimise contamination.

Aluminium foil and glass fibre (GF/F) filters (Schleicher and Schuell, Germany; Ref.

No. 10370008) were muffle furnaced (450°C for 24 hours) to remove organic

contaminants before being used. Solid-phase extraction (SPE) disks (3M Empore, USA;

Part No. 1214-5004) were pretreated by washing with dichloromethane followed by

methanol and finally deionised water.

All source materials were collected from more than one location or animal within a farm

in order to minimise bias. Homogenised bulk samples were coned and quartered into

three sub-samples, the largest of which was stored for future analysis. One of the

remaining two sub-samples was wrapped in aluminium foil and frozen (-20°C) prior to

analysis. The other sub-sample was extracted by gently oscillating (Ratek, Australia, 32

mm orbit diameter, 30 cycles/minute) ca. 200 g of the source material for 6 hours in 2 L

of deionised water. After oscillation the sample was allowed to settle for one minute and

decanted through GF/F filters (particulate fraction). Filtrates were collected and passed

through the pretreated SPE disks (dissolved fraction). The GF/F filters and SPE disks

were wrapped individually in aluminium foil and frozen prior to analysis.

‘Air-dry’ faeces were collected from 6 fields on each of the Ellinbank and Maffra farms

using aluminium foil and ground to pass through a sieve (<2 mm) prior to sub-sampling.

Fresh cow faeces were collected from the same farms using inverted freezer bags.

Grasses and weeds were collected from 6 or more fields on the Ellinbank and Maffra

farms by cutting at the base of the plant using stainless steel scissors. An inverted

freezer bag was used to hold the grass/weed while cutting to avoid contamination.

Lolium perenne (perennial ryegrass) plants were sampled at 1 leaf (ca. 7 days after

grazing) and 3 leaf (ca. 3 to 4 weeks after grazing) stages. Surface soil was collected to

a depth of 10 mm from Darnum (bleached-acidic, dystrophic, grey Dermosol (Stace et

al., 1968), Gn 4.64 (Northcote, 1979), Haplustult (United States Department of

Agriculture, 1998)) using a soil corer. Decaying vegetation was collected from

Ellinbank by removing the top 1 mm of organic material from the surface of the soil

using a stainless steel spatula. Three representative samples of di-ammonium phosphate
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(DAP) (Pivot Ltd., Melbourne, Australia) and single superphosphate (SSP) (Superfect,

Pivot Ltd.) were collected from bulk samples.

Overland flow samples were collected during October and December 2000, and in

January 2001 for comparison with the source materials (Table 25). Unfortunately the

source materials and overland flow could not be collected from the same sites for

logistical reasons. Water samples were manually collected from established monitoring

sites at Arawata, Darnum, Trafalgar and the Macalister Research Farm (Figure 2). The

catchment areas for the first three sites were 0.9 ha, 1.8 ha and 2.4 ha respectively. At

the MRF, monitoring sites were established for fields and farm sections consisting of

several fields. The sites on the MRF were designated field A (2.3 ha), field B (2.6 ha),

section A (7 fields, 14 ha) and section B (4 fields, 8.9 ha). Overland flow samples were

taken at the start of the storm/irrigation event, and at the mid-point (i.e. several hours

into) or finish of the event.

Analytical procedures

Particulate (GF/F) and raw samples were extracted quantitatively by a single-phase

chloroform/methanol method (Bligh and Dyer, 1959) modified by substituting

dichloromethane for the chloroform. The sample was added to 142.5 cm3 of a 1:2:0.8

v/v/v dichloromethane/methanol/water solution. Ten µg of 5β(H)-cholan-24-ol (Chiron

AS, Norway) was added to the extraction solution as an internal standard. The

extraction mixture was then shaken and allowed to settle for 24 hours. After settling,

37.5 cm3 dichloromethane followed by 37.5 cm3 water were added and the mixture

allowed to stand for phase separation. The lipids were recovered in the lower

dichloromethane layer. The solvents were then removed under vacuum and diluted to a

known volume before being sealed under nitrogen (BOC Gases, Australia; ultrapure)

and frozen for storage at -20°C prior to further processing.

Lipids present in the dissolved fraction (SPE disks) were extracted using 3 × 10 cm3

dichloromethane and stored under nitrogen at -20°C after the addition of 10 µg 5β(H)-

cholan-24-ol as internal standard.
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The total unsaponifiable neutral lipid fraction was obtained by adding 2 cm3 10%

potassium hydroxide (BDH, UK; AnalaR) in 80:20 methanol/water to the

dichloromethane extract. The sample was sealed under nitrogen and placed in a heating

block at 80°C for 2 hours. After heating the solution was allowed to cool before 3 cm3

water and 2 cm3 4:1 hexane/dichloromethane (both Mallinkrodt; Nanograde) were

added. The solution was then centrifuged at 2000 rpm for 2 minutes before being

separated. The top solvent layer contained the unsaponifiable lipids (i.e. hydrocarbons,

sterols, etc.), the bottom aqueous layer the fatty acids. Unsaponifiable lipids were

converted to their corresponding O-TMSi ethers by dissolving in

bis(trimethylsilyl)trifluoroacetamide (BSTFA, 100 µL, 60°C, 60 minute.) (Alltech,

USA; 99% + 1% TCMS).

Gas chromatographic (GCFID) analyses were performed on the solvent containing the

O-TMSi ethers with a Hewlett Packard 5890 GC (Hewlett Packard Company, USA)

using a 50 m x 0.32 mm I.D. cross-linked 5% phenyl-methyl silicone (HP5) fused-silica

capillary column and hydrogen gas (BOC Gases; ultrapure) carrier. The injector

temperature was set to 290°C and the flame ionisation detector (FID) set to 310°C. Peak

identification was based on comparison of retention time data with data obtained for

laboratory standards. After sample injection, the oven was maintained at 45°C for one

minute, then progressively raised to 180°C at 25°C/minute, 280°C at 2°C/minute and

finally 310°C at 10°C/minute where the temperature was maintained for 15 minutes. For

the analysis of the unsaponifiable lipid fraction, 5β(H)-cholan-24-ol was used as an

internal standard. Peak areas were quantified using Waters Millenium (Waters Australia

Pty.. Ltd., Australia) chromatography software and operating Windows NT (Microsoft

Corp., USA). Individual compounds at concentrations less than 10 ng/g were considered

as present in trace amounts (TR). The detection limit for individual sterols was

approximately 1 - 2 ng/g.

Verification of the identity of individual compounds by GC-MS analyses was

performed using a Hewlett Packard 5890 GC (Hewlett Packard Company) and a

Thermoquest/Finnigan GCQ-Plus (Thermo-Finnigan, USA) mass spectrometer fitted

with a direct capillary inlet and a split/splitless injector. Data were acquired in scan

acquisition or selective ion monitoring mode and processed using Xcalibur (Thermo-

Finnigan, USA) software supplied with the instrument. The nonpolar column (HP5) and
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operating conditions were similar to that described above for GCFID analyses, but

helium (BOC Gases; ultra high purity) was used as the carrier gas.

The primary analyses were performed at the CSIRO research laboratories in Hobart,

Australia. Only concentrations above trace levels are reported.

Results and discussion

The sterols and other alcohols investigated in this study are presented in elution order

together with their common name and class in Table 26. The concentrations of these

compounds in source materials (i.e. cow faeces, grasses, weeds, soils and fertilisers) and

the particulate and dissolved fractions of their water extracts are presented in Tables 27

- 35. These values were compared to the concentrations in the particulate and dissolved

fractions of overland flow samples collected from several farms (Tables 36 - 39). The

concentration (µg/g dry weight or µg/L) of individual compounds varied markedly

between sources and within sources between sampling locations.

The presence of algae and other microorganisms in samples influences the distribution

of lipids. The distinctive chemical signatures of these organisms are useful as indicators

of these influences (Hallegraeff et al., 1991). ‘Algal’ sterols monitored in this study

included 22-dehydrocholesterol, brassicasterol, and dinosterol. Isofucosterol is also

commonly, though not exclusively, an algal sterol.

Cow faeces

Fresh and dry cow faeces were collected from cows fed different rations at Ellinbank

and the Macalister Research Farm (MRF). In most samples of cow faeces the most

abundant unsaponifiable lipids were phytol and hexacosanol (Table 27). The next most

abundant unsaponifiable lipids were the sterols 24-ethylcoprostanol, 24-

ethylepicoprostanol, 24-ethyl-5α-cholestanol, 24-ethylcholesterol, coprostanol and

cholesterol. These sterols have been used to differentiate sources of faecal pollution

(Nichols et al., 1996). The sterol profile is consistent with those previously published
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for cows and sheep (Nichols et al., 1996). A lipid that has yet to be identified, labelled

m/z 291, was found in all samples.

Table 26. Lipid names and peak identification numbers in elution order.

Peak
number

Lipid Common name Class

1 2-hexadecen-1-ol phytol branched
fatty alcohol

2 tetracosanol C24 long chain alcohol fatty alcohol
3 hexacosanol C26 long chain alcohol fatty alcohol
4 5β-cholestan-3β-ol coprostanol sterol
5 5β-cholestan-3α-ol epicoprostanol sterol
6 Cholesta-5,22E-dien-3β-ol 22-dehydrocholesterol sterol
7 cholest-5-en-3β-ol cholesterol sterol
8 5α-cholestan-3β-ol 5α-cholestanol sterol
9 octacosanol C28 long chain alcohol fatty alcohol

10 24-methylcholesta-5,22E-dien-3β-ol brassicasterol sterol
11 24α-methyl-22E-dehydrocholesterol ergosterol sterol
12 24-ethyl-5β-cholestan-3β-ol 24-ethylcoprostanol sterol
13 24α-methyl-5-cholesten-3β-ol campesterol sterol
14 24-ethyl-5β-cholestan-3α-ol 24-ethylepicoprostanol sterol
15 unknown arctotheca m/z 163 unknown
16 24-ethylcholesta-5,22E-dien-3β-ol stigmasterol sterol
17 ∆7-ergostenol sterol
18 3β-hydroxyolean-12-ene β-amyrin triterpene
19 24-ethylcholest-5-en-3β-ol 24-ethylcholesterol sterol
20 24-ethyl-5α-cholestan-3β-ol 24-ethyl-5α-

cholestanol
sterol

21 24-ethylcholesta-5,24(28)E-dien-3β-ol isofucosterol sterol
22 3β-hydroxyurs-12-ene α-amyrin triterpene
23 triacontanol C30 long chain alcohol fatty alcohol
24 unknown hopanol #1 hopanol
25 4,23,24-trimethyl-5α-cholest-22-en-3β-ol dinosterol sterol
26 fernol hopanol
27 24-ethyl-5α-cholest-7-en-3β-ol ∆7-stigmastenol sterol
28 unknown hopanol #2 hopanol
29 unknown m/z 291 unknown
30 dotriacontanol C32 long chain alcohol fatty alcohol

Dry cow faeces generally contained higher concentrations of unsaponifiable lipids than

the fresh faeces although drying appeared to change the relative proportions of lipids in

individual samples. Interestingly, the ratios of related compounds were generally

consistent across faecal samples. For example, the ratio of cholesterol to coprostanol

generally ranged between 0.7 and 1.1, coprostanol to epicoprostanol generally 6.1 to 7.1

(with a ratio of 2.9 for fresh Ellinbank faeces being the exception), 24-ethylcholesterol

to 24-ethylcoprostanol 0.2 to 0.4 and 24-ethylcoprostanol to 24-ethylepicoprostanol 1.4
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to 2.8. Consistent proportions of sterols in source materials may assist in tracing where

these compounds are present in more than one source.

The low number of replicates in this study and the difficulty in identifying the exact

dietary intake of the cows made it difficult to determine the effects of the differing

rations.

The particulate fraction of the water extracts from cow faeces contained significantly

lower concentrations of most unsaponifiable neutral lipids than the extracts from the

raw samples (Table 28). The most abundant lipids were 24-ethyl-5α-cholestanol,

hexacosanol and phytol. The relative concentrations of other lipids were similar to those

in the raw samples. In contrast to the raw faeces, the relative concentrations of lipids

present in the water extracted particulate fraction of fresh faeces were higher than the

dry faeces. This probably indicates a smaller particle size in the fresh samples. Although

the concentrations in the raw material were up to two orders of magnitude or more

higher than the particulate fraction of the water extract, the ratios of the related

compounds were similar, with the possible exception of the ratio of coprostanol to

epicoprostanol which appeared slightly lower (i.e. between 2.8 and 6.6).

The lipids that were present in the dissolved fraction of the water extracts of faeces had

similar relative concentrations to the particulate fraction but lower concentrations

overall (Table 29). Phytol, which was prevalent in the raw and particulate fractions, was

not detected at all. Given that the lipids studied are surface active, it is not surprising

that their concentrations in this phase decreased. The ratios of related lipids present in

the raw and particulate phase of extracted cow faeces were not observed in the dissolved

fraction.

Of the four algal sterols monitored, only isofucosterol was present in significant

quantities in the cow faeces. Isofucosterol was present in all faeces (from 3.4 to 42 µg/g)

with the highest concentrations generally occurring in the field dry samples. This may

suggest that the algal population was initially quite small in fresh faeces and increased

as the faeces dried. Interestingly, the fresh faeces from cows supplemented with grain at

the MRF had levels of isofucosterol equivalent to the dry faeces. This could indicate

that by-products from grain present in faeces enhance the growth of algal populations.
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In the particulate fraction of the water extracts isofucosterol was the only algal sterol

detected. No algal sterols were detected in the dissolved fraction.

Grasses and weeds

The pasture vegetation investigated in this study included the desirable species Lolium

perenne (perennial ryegrass), at both the 1 and 3 leaf stages, and Trifolium repens

(white clover). Undesirable pasture species investigated were Rumex spp. (dock),

Arctotheca calendula (capeweed), Plantago lanceolata (plantain) and Hypochoeris

radicata (flatweed).

The most abundant unsaponifiable lipid in most vegetation was phytol (Table 30). This

is not surprising as phytol is present in plants in similar quantities to chlorophyll (Fruton

and Simmonds, 1963) and is probably responsible for the high concentrations of phytol,

compared to other lipids, in cow faeces.

The stage of growth of Lolium perenne appeared to have only a minor affect on lipid

concentrations. However the stage of growth appeared to affect the relative proportions

of 24-ethylcholesterol, a plant sterol, and a closely related compound 24-ethyl-5α-

cholestanol. Typically there was an increase of about 50% in the ratio of the sterol to

stanol as the plant progressed from the 1 leaf to the 3 leaf stage at an individual site.

As with the cow faeces, there was a general decrease in lipid concentrations in the water

extractable particulate fraction compared to the raw samples (Table 31). There was also

a change in the relative concentrations of individual lipids. For example, the ratio of 24-

ethylcholesterol to 24-ethyl-5α-cholestanol in the particulate fraction of the water

extract typically increased by a factor of 2 as Lolium perenne progressed from the 1 leaf

to the 3 leaf stage, emphasising the effect of stage of growth.

Of the other vegetation, each species appeared to have a unique chemical profile. For

example, the m/z 163 marker was unique to Arctotheca calendula and triacontanol

dominated all extracts and fractions of Trifolium repens.
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Table 27. Major unsaponifiable lipids in cow faeces.

Analyte
(µg/g dry weight)

1. Fresh
(E)A

3. Fresh
(M)

4. Dry
(E)

5. Fresh
(E, G)

6. Fresh
(M, G)

7. Dry
(E, G)

8. Dry
(E, G)

Phytol 3212 469 12341 674 3005 3620 4043
Tetracosanol 239 60 553 26 115 185 198
Hexacosanol 2729 634 6716 573 2259 3192 5170
Coprostanol 543 377 1937 107 776 628 371
Epicoprostanol 185 55 291 15 115 100 59
Cholesterol 567 227 1526 86 653 620 438
5α-cholestanol 216 112 586 43 192 293 152
Octacosanol 806 254 1471 78 1152 361 555
Ergosterol NDB 0.02 ND ND 0.01 0.03 0.04
24-ethylcoprostanol 2097 759 6919 458 2205 3294 2111
Campesterol 142 105 377 31 268 178 143
24-ethylepicoprostanol 1324 447 2448 219 1608 1682 1191
Arctotheca m/z 163 ND ND 7.5 ND ND 1.8 0.87
Stigmasterol 26 15 100 5.8 34 40 22
∆7-ergostenol 198 124 458 36 153 334 185
β-amyrin 59 70 755 26 112 257 142
24-ethylcholesterol 572 284 1552 110 741 759 520
24-ethyl-5α-cholestanol 1034 404 6080 306 1302 2394 928
Isofucosterol 18 3.8 42 3.4 34 34 24
α-amyrin 19 22 310 9.2 34 83 40
Triacontanol 785 23 934 54 117 178 343
Hopanol #1 124 154 1053 43 329 432 226
Fernol 78 40 368 12 102 160 99
∆7-stigmastenol 232 80 783 48 121 348 202
Hopanol #2 125 133 1254 42 170 455 223
m/z 291 813 667 2078 177 887 1075 666
Dotriacontanol 170 42 177 17 233 46 65
A - Sample location Ellinbank (E) or Macalister Research Farm (M), Grain supplemented diet (G) B - Not detected (ND)
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Table 28. Major unsaponifiable lipids in the water extractable particulate fraction of cow faeces.

Analyte
(µg/g dry weight)

1. Fresh
(E)A

2. Fresh
(E)

3. Fresh
(M)

4. Dry
(E)

5. Fresh
(E, G)

6. Fresh
(M, G)

7. Dry
(E,G)

8. Dry
(E, G)

Phytol 661 444 60 1.3 298 370 16 8.0
Tetracosanol 55 33 11 0.16 15 16 1.0 0.51
Hexacosanol 524 440 158 1.6 322 274 16 8.5
Coprostanol 137 89 35 0.23 53 50 2.4 1.1
Epicoprostanol 49 25 5.5 0.04 10 8.5 0.46 0.21
Cholesterol 145 85 24 0.18 48 46 2.6 1.2
5α-cholestanol 42 47 18 0.07 22 21 0.98 0.43
Octacosanol 115 97 105 0.32 48 197 2.2 0.97
24-ethylcoprostanol 425 304 102 0.95 219 177 12 5.8
Campesterol 22 13 7.8 0.05 9.6 16 0.82 0.37
24-ethylepicoprostanol 293 221 53 0.33 111 124 5.2 2.7
Stigmasterol 4.0 2.5 1.6 0.01 1.5 3.1 0.10 0.05
∆7-ergostenol 43 35 21 0.06 19 17 1.4 0.61
β-amyrin 12 15 9.1 0.08 10 16 0.66 0.31
24-ethylcholesterol 101 63 25 0.20 38 52 2.3 1.2
24-ethyl-5α-cholestanol 415 700 195 1.4 316 329 16 6.3
Isofucosterol 4.6 NDB ND Tr 1.5 1.9 0.10 0.06
α-amyrin 4.0 5.0 2.9 0.03 3.3 5.0 0.21 0.09
Triacontanol 114 153 31 0.38 34 58 1.5 0.72
Hopanol #1 31 34 24 0.14 20 41 1.3 0.56
Fernol 29 24 4.5 0.06 14 17 0.79 0.40
∆7-stigmastenol 36 27 14 0.06 16 14 0.98 0.44
Hopanol #2 30 32 18 0.15 21 30 1.4 0.61
m/z 291 8.2 ND 72 0.03 2.7 121 0.11 0.02
Dotriacontanol 18 20 54 0.06 13 109 0.48 0.14
A - Sample location Ellinbank (E) or Macalister Research Farm (M), Grain supplemented diet (G) B - Not detected (ND) or Trace (Tr)
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Table 29. Major unsaponifiable lipids in the water extractable dissolved fraction of cow faeces.

Analyte
(µg/g dry weight)

1. Fresh
(E)A

2. Fresh
(E)

3. Fresh
(M)

5. Fresh
(E, G)

6. Fresh
(M, G)

7. Dry
(E,G)

8. Dry
(E, G)

Tetracosanol 0.62 2.8 NDB 0.57 ND ND ND
Hexacosanol 13 27 11 8.9 0.74 0.92 1.3
Coprostanol 5.9 3.2 ND 0.67 ND 0.05 0.04
Epicoprostanol 1.6 2.9 ND 0.39 ND ND ND
Cholesterol 7.1 8.1 2.4 1.6 0.14 0.17 0.13
5α-cholestanol 2.0 2.7 1.2 0.56 ND 0.09 0.06
Octacosanol 2.3 6.8 6.3 1.5 0.49 0.07 0.13
24-ethylcoprostanol 26 11 2.8 2.6 ND 0.35 0.33
Campesterol 1.4 1.2 1.3 ND ND ND 0.02
24-ethylepicoprostanol 17 32 7.9 5.6 ND 0.42 0.30
Stigmasterol 0.20 0.19 0.53 0.04 ND ND 0.01
∆7-ergostenol 0.27 ND ND ND ND ND ND
β-amyrin 1.4 ND ND ND ND 0.08 0.15
24-ethylcholesterol 5.6 4.9 3.6 0.54 ND 0.16 0.16
24-ethyl-5α-cholestanol 10 21 19 3.8 0.78 1.3 0.86
α-amyrin 0.51 0.28 ND 0.05 ND 0.05 0.09
Triacontanol 2.8 11 2.4 1.3 ND 0.14 0.17
Hopanol #1 2.1 ND ND ND ND ND ND
∆7-stigmastenol 0.20 ND ND ND ND ND ND
Hopanol #2 2.4 ND ND ND ND ND ND
m/z 291 7.4 2.7 ND 0.21 ND 0.11 0.08
Dotriacontanol 0.23 1.3 5.3 0.27 ND ND 0.03
A - Sample location Ellinbank (E) or Macalister Research Farm (M), Grain supplemented diet (G) B - Not detected (ND)
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Table 30. Major unsaponifiable lipids in pasture species.

Lolium perenne Trifolium repens Rumex spp. Arctotheca
calendula

Plantago
lanceolata

Hypochoeris
radicata

Analyte
(µg/g dry weight)

1.
(E, 1)A

2.
(E, 1)

3.
(E, 3)

4.
(E, 3)

5.
(M, 1)

6.
(M, 3)

1.
(E)

2.
(M)

(E) (E) (E) (E)

Phytol 1454 1264 1961 3074 1771 2964 3853 2660 1633 1102 2528 3370
Tetracosanol 75 67 118 156 27 70 40 46 92 87 9.2 21
Hexacosanol 1281 1008 1390 2163 76 3099 230 584 203 203 106 105
Cholesterol 7.8 5.8 5.6 3.6 41 14 8.4 8.9 8.5 24 17 3.4
Octacosanol 161 138 260 469 2720 1168 58 78 98 34 141 29
Campesterol 335 248 313 272 401 590 168 418 191 228 221 234
Arctotheca m/z 163 NDB ND ND ND ND ND ND ND ND 11 ND ND
Stigmasterol 60 41 32 32 39 56 48 56 32 196 106 52
∆7-ergostenol 130 75 98 71 ND 83 17 13 ND 46 25 ND
β-amyrin 18 14 19 30 3.4 36 59 103 3.9 103 453 3.9
24-ethylcholesterol 912 684 935 1009 1343 1650 1052 1829 1487 689 688 1517
24-ethyl-5α-cholestanol 37 29 26 30 39 34 45 46 15 42 16 34
Isofucosterol 34 25 40 44 66 87 41 106 20 32 115 35
α-amyrin 3.5 3.0 3.4 5.7 1.6 6.6 20 13 4.7 48 157 2.0
Triacontanol 43 14 23 34 42 156 1210 783 50 60 287 34
Hopanol #1 37 35 65 57 14 79 ND ND 17 162 766 ND
Fernol 15 12 20 13 13 58 47 99 16 3.8 8.2 46
∆7-stigmastenol 93 57 84 70 ND 73 4.8 30 70 183 37 0.72
Hopanol #2 15 14 ND ND ND 19 39 34 ND 707 245 16
Dotriacontanol 9.5 7.3 13 22 106 24 78 38 39 170 77 14
A - Sample location Ellinbank (E) or Macalister Research Farm (M), Lolium perenne sampled at 1 leaf (1) or 3 leaf (3) stage B - Not detected (ND)
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Table 31. Major unsaponifiable lipids in the water extractable particulate fraction of pasture species.

Lolium perenne Trifolium repens Rumex spp. Arctotheca
calendula

Plantago
lanceolata

Hypochoeris
radicata

Analyte
(µg/g dry weight)

1.
(E, 1)A

2.
(E, 1)

3.
(E, 3)

4.
(E, 3)

5.
(M, 1)

6.
(M, 3)

1.
(E)

2.
(M)

(E) (E) (E) (E)

Phytol 0.144 0.156 0.143 0.203 0.107 0.134 5.314 0.322 0.070 0.327 0.427 0.881
Tetracosanol 0.346 0.330 0.113 0.146 0.092 0.115 0.741 0.473 1.467 0.138 0.172 0.236
Hexacosanol 1.681 1.368 0.812 1.119 0.530 1.171 5.256 2.113 2.004 1.287 2.107 3.115
Cholesterol 0.134 0.119 0.048 0.063 0.057 0.041 0.590 0.136 0.058 0.160 0.134 0.263
Octacosanol 0.304 0.249 0.166 0.243 8.281 1.226 0.639 0.837 0.723 0.309 0.310 0.969
Campesterol 0.141 0.130 0.043 0.064 0.176 0.066 0.359 0.128 0.029 0.121 0.069 0.240
Arctotheca m/z 163 NDB ND ND ND ND ND ND ND ND 0.045 ND ND
Stigmasterol 0.019 0.018 Tr Tr 0.023 0.011 0.115 0.035 Tr 0.120 0.018 0.058
∆7-ergostenol 0.064 0.062 0.027 0.044 0.056 0.071 0.313 0.330 ND 0.139 ND ND
β-amyrin 0.025 0.021 Tr 0.012 Tr Tr 0.128 0.090 ND 0.209 0.048 1.073
24-ethylcholesterol 0.304 0.286 0.136 0.197 0.469 0.205 1.675 0.435 0.211 0.264 0.310 0.545
24-ethyl-5α-cholestanol 0.110 0.116 0.017 0.035 0.169 0.036 0.175 0.293 ND 0.200 ND 0.101
Isofucosterol 0.010 Tr Tr 0.010 0.013 Tr 0.066 0.021 ND 0.018 ND ND
α-amyrin Tr Tr Tr Tr Tr Tr 0.046 0.016 ND 0.088 0.017 0.483
Triacontanol 0.119 0.094 0.057 0.118 0.418 0.486 6.123 3.887 0.190 0.282 0.787 2.616
Hopanol #1 0.046 0.041 0.012 0.025 ND ND 0.157 0.050 0.029 0.405 0.071 1.271
Fernol 0.015 0.016 0.017 0.028 0.024 ND 0.243 0.042 ND ND ND 0.178
∆7-stigmastenol 0.024 0.028 Tr 0.014 ND 0.042 0.113 0.062 ND 0.409 ND ND
Hopanol #2 0.068 0.054 0.011 0.027 ND ND 0.739 0.516 ND 1.845 ND 1.133
Dotriacontanol 0.023 0.021 Tr 0.016 0.502 0.202 0.277 0.548 0.101 0.675 0.118 0.300
A - Sample location Ellinbank (E) or Macalister Research Farm (M), Lolium perenne sampled at 1 leaf (1) or 3 leaf (3) stage B - Not detected (ND) or Trace (Tr)
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The unidentified Arctotheca lipid m/z 163 would appear to have particular value in

tracing studies as it was also detected in cattle faeces. Arctotheca calendula was most

likely a small (i.e. <10%) component of the pastures grazed by the cattle in late spring.

As the Arctotheca m/z 163 compound was not detected in the dissolved fraction of the

water extracts (Table 32), it may not be mobilised in sufficient quantities for general use

in tracing studies but may be applicable at certain times of the year, especially spring,

where poorly managed, overgrazed pastures are invaded by this weed. Interestingly, the

Arctotheca m/z 163 marker was observed in the raw extraction of 3 of the samples of

cow faeces suggesting the cows had grazed this weed, but was only present in one water

extract.

The two unidentified hopanol (#1 and #2) lipids appear to have properties that may be

useful for distinguishing the weed and pasture species. However, the relative

concentrations of these lipids in the water extractable components is curious, especially

given the relatively low concentrations of these hopanols in bulk Trifolium repens but,

relatively high concentrations of hopanol #2 in the water extracts. This may reflect

microbial rather than source effects and requires further examination.

Isofucosterol was the only algal sterol present in the vegetative matter. Interestingly,

Plantago lanceolata from Ellinbank and Trifolium repens from the MRF contained the

highest quantities of this sterol. These trends were also observed in the particulate

fraction. Isofucosterol in Arctotheca calendula was the only algal sterol in the dissolved

fraction of the grasses and weeds.

Other sources

Other sources analysed included the fertilisers di-ammonium phosphate (DAP) and

single superphosphate (SSP), decaying vegetation scraped from the soil surface (i.e. <1

mm) and the top 10 mm of soil. The raw extracts of the fertilisers contained low

concentrations of lipids compared to all other source materials (Table 33). Lipids

present included 24-ethylcholesterol, cholesterol, coprostanol and hexacosanol. All

concentrations were higher for DAP than SSP probably as a result of the oil coating
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applied to DAP during manufacture. No unsaponifiable lipids were detected in either

the particulate or dissolved fractions of the water extracts of either fertiliser.

The unsaponifiable lipids in the raw and water extracted particulate fractions of the

decaying vegetation and soil contained similar unsaponifiable lipids to the grass/weed

and faecal samples except for the Arctotheca m/z 163 lipid (Tables 33 and 34). Five of

the major lipids in these samples were hexacosanol, 24-ethylcholesterol, phytol,

campesterol and 24-ethyl-5α-cholestanol. This result is not surprising as the organic

matter in surface soils is predominantly derived from plant and faecal material. Again,

the dissolved fraction contained few of the lipids detected in the raw material and

particulate fractions (Table 35).

It had been expected that there would be significant differences in lipid concentrations

between the surface soil and decaying organic matter (i.e. a dilution effect of soil

inorganic matter). That such differences were not always detected suggests that the

organic matter from the decaying vegetation is well distributed through the top 10 mm

of the soil profile.

Overland flow

Overland flow samples were collected from four locations: Arawata, Darnum, Trafalgar

and the Macalister Research Farm (MRF). In the overland flow from Arawata, Darnum

and Trafalgar (Tables 36 and 37) which are all dryland production systems with no

supplemental irrigation, the three major unsaponifiable lipids in the particulate fraction

were hexacosanol, phytol and 24-ethylcoprostanol in that order of abundance. The order

of abundance for the next 4 lipids depended on the site. This order was usually 24-

ethylcholesterol or 24-ethyl-5α-cholestanol, cholesterol and octacosanol. As 24-ethyl-

5α-cholestanol and cholesterol are primarily of animal origin, it is possible that the time

between grazing and overland flow may affect their concentration.

The particulate fraction of the second overland flow sample (collected mid-flow) from

Trafalgar contained the Arctotheca m/z 163 biomarker suggesting that Arctotheca

calendula may have been present in this field.
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The generally lower concentrations of lipids from the Arawata site presumably reflect

soil hydrology. While overland flow predominates at the other sites, at Arawata

interflow is expressed as overland flow near the monitoring point and its passage

through the soil would be expected to reduce lipid concentrations.

Overland flow samples were collected from section B and two consecutive irrigations

on section A and 2 bays at the MRF (Tables 38 and 39). Both bay samples contained

higher concentrations of most unsaponifiable lipids in the particulate material during the

first irrigation than the second. For bay B, where similar quality water was used on both

occasions, this may have been due to the grazing that occurred two days prior to the first

and 24 days prior to the second irrigation. Grazing occurred 15 days prior to both

irrigations on bay A. Water from a re-use pond that collects drainage from the entire

farm was used for the first irrigation and channel water for the second. This suggests

that the higher concentrations of unsaponifiable lipids in first irrigation may not have

been derived from the field.

The particulate fraction of samples recovered from section A contained mainly 24-

ethylcholesterol, phytol, stigmasterol, cholesterol and hexacosanol, suggesting material

of predominantly plant origin. The field adjacent to the monitoring station was grazed

only 6 days prior to the second irrigation and this may have contributed to higher lipid

concentrations. Interestingly, samples recovered at the beginning of the overland flow

had a lipid profile in order of abundance of 24-ethyl-5α-cholestanol, phytol,

hexacosanol, cholesterol and octacosanol. Mid-way through overland flow the profile

changed to phytol, hexacosanol, 24-ethyl-5α-cholestanol, octacosanol and

dotriacontanol. The changes that occurred between the beginning and mid-point of the

flow appear to reflect a reduction in the influence of animals and an increase in the

influence of plants on the compounds in the water. This may reflect the spatial

distribution of compounds from different sources in the field, or that compounds

derived from animals, such as cows, are mobilised more rapidly than compounds from

plants. Section B was sampled during one overland flow event. The chemical profile of

the particulate fraction in order of abundance was phytol, ∆7-ergostenol, hexacosanol,

cholesterol and 24-ethylcholesterol. Since a field in this section had been grazed 8 days

prior to overland flow, it is not surprising that the lipid profile was similar to section A
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during the irrigation. The reason for the elevated ∆7-ergostenol compared to other

samples is unclear.

The related lipid ratios were surprisingly similar for the particulate fractions of the

overland flow samples from the MRF, dryland sites and the faeces samples. For

example, the range in the ratio of coprostanol to epicoprostanol was 4.5 to 6.3 for the

dryland sites, 4.5 to 8.5 for the MRF and 2.8 to 6.6 for the water extractable particulate

fraction of faeces. The ratio of 24-ethylcoprostanol to 24-ethylepicoprostanol ranged

between 1.4 and 2.8 for dryland sites, 1.3 and 2.3 for the MRF and 1.4 and 2.8 for

faeces.

The concentrations of all lipids in the dissolved fractions were lower than in the

equivalent particulate fractions. Unlike most other samples including the faecal extracts,

in the dissolved fraction of the overland flow a relationship appeared to exist between

24-ethylcoprostanol and 24-ethylepicoprostanol, 0.6 to 1.2 for the dryland sites and 0.5

to 1.2 for the MRF.
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Table 32. Major unsaponifiable lipids in the water extractable dissolved fraction of pasture species

Lolium perenne Trifolium repens Rumex spp. Arctotheca
calendula

Hypochoeris
radicata

Analyte
(µg/g dry weight)

1.
(E, 1)A

2.
(E, 1)

3.
(E, 3)

4.
(M, 1)

5.
(M, 3)

1.
(E)

2.
(M)

(E) (E) (E)

Tetracosanol NDB ND ND ND 74 ND ND 915 ND ND
Hexacosanol 0.159 0.222 0.048 ND 0.414 0.364 0.280 1.178 0.111 95
Cholesterol 0.057 0.088 0.014 0.040 0.089 0.136 0.108 0.081 0.138 75
Octacosanol 0.030 0.032 Tr 0.910 0.333 0.041 0.104 0.246 0.023 120
Campesterol 0.064 0.116 0.015 0.120 0.104 0.031 0.050 0.026 0.068 104
Stigmasterol 0.011 0.016 ND ND 0.014 Tr 0.020 Tr 0.061 15
β-amyrin 0.024 ND ND ND ND 0.026 ND Tr 0.036 113
24-ethylcholesterol 0.238 0.369 0.064 0.504 0.312 0.284 0.290 0.190 0.114 164
24-ethyl-5α-cholestanol 0.012 ND ND ND 0.017 10 ND Tr 0.054 Tr
Isofucosterol ND ND ND ND ND ND ND ND 0.018 ND
α-amyrin 0.012 ND ND ND ND Tr ND Tr 0.015 57
Triacontanol Tr ND ND ND 0.164 0.533 0.646 0.060 0.020 352
Hopanol #1 ND ND ND ND ND ND ND Tr ND 99
Hopanol #2 ND ND ND ND ND ND ND ND 0.049 135
Dotriacontanol Tr ND ND ND 0.055 0.014 ND 0.030 0.021 37
A - Sample location Ellinbank (E) or Macalister Research Farm (M), Lolium perenne sampled at 1 leaf (1) or 3 leaf (3) stage B - Not detected (ND)
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Table 33. Major unsaponifiable lipids in other sources.

Decaying vegetation Surface soil Fertilisers
Analyte
(µg/g dry weight)

1.
Ellinbank

2.
Ellinbank

3.
Ellinbank

4.
Field A

5.
Field B

1.
Darnum

2.
Darnum

1.
DAPA

2.
SSP

Phytol 35 37 21 109 261 29 15 NDB ND
Tetracosanol 11 10 7.3 33 47 7.8 5.6 ND ND
Hexacosanol 41 52 32 338 285 29 17 0.09 0.06
Coprostanol 1.9 1.2 0.93 2.8 34 1.7 0.58 0.41 0.06
Epicoprostanol 0.52 0.43 0.32 0.73 6.7 0.57 ND ND ND
22-dehydrocholesterol 0.91 0.99 0.77 0.77 1.8 0.85 ND ND ND
Cholesterol 7.1 8.5 5.3 11 34 5.7 3.5 0.48 0.23
5α-cholestanol 2.5 2.7 1.9 2.5 11 2.3 1.2 ND ND
Octacosanol 5.7 5.8 3.9 62 46 4.1 2.2 ND ND
Brassicasterol 0.03 0.04 0.03 0.16 0.15 0.04 0.02 ND ND
Ergosterol Tr Tr Tr 0.07 0.07 Tr ND ND ND
24-ethylcoprostanol 14 10.0 8.9 36 157 17 7.2 ND ND
Campesterol 14 21 14 251 139 19 11 ND ND
24-ethylepicoprostanol 11 10 8.0 18 95 17 9.2 ND ND
Stigmasterol 3.4 5.7 3.1 40 22 4.9 3.4 ND ND
∆7-ergostenol 3.3 4.1 3.2 25 29 2.8 1.9 ND ND
β-amyrin 3.5 3.8 3.3 16 15 4.3 2.3 ND ND
24-ethylcholesterol 37 48 28 351 235 42 25 1.9 0.39
24-ethyl-5α-cholestanol 13 13 10.0 26 53 15 10 ND ND
Isofucosterol 1.2 1.5 0.90 6.9 7.2 1.2 0.57 ND ND
α-amyrin 1.1 1.3 0.87 3.6 9.3 1.0 0.61 ND ND
Triacontanol 3.1 3.4 1.9 11 7.2 3.5 1.7 ND ND
Hopanol #1 8.1 7.3 4.6 16 26 4.1 2.3 ND ND
Fernol 0.98 1.1 0.88 6.1 7.1 1.4 0.42 ND ND
∆7-stigmastenol 3.5 3.0 2.1 12 11 2.2 1.2 ND ND
Hopanol #2 7.7 10 6.2 19 21 8.9 4.7 ND ND
m/z 291 2.3 1.6 1.1 6.6 48 3.0 1.5 ND ND
Dotriacontanol 1.2 1.2 0.52 15 13 0.79 0.51 ND ND
A - Di-ammonium phosphate (DAP) or Single superphosphate (SSP) B - Not detected (ND) or Trace (Tr)
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Table 34. Major unsaponifiable lipids in the water extractable particulate fraction of other sources.

Decaying vegetation Surface soil
Analyte
(µg/g dry weight)

1. Ellinbank 2. Ellinbank 3. Ellinbank 4. Field A 5. Field B 1. Darnum 2. Darnum

Phytol 0.084 0.107 0.067 0.118 0.184 0.082 0.053
Tetracosanol 0.023 0.020 0.025 0.163 0.138 0.046 0.029
Hexacosanol 0.188 0.186 0.161 1.448 0.749 0.176 0.108
Coprostanol TrA Tr Tr Tr 0.010 Tr ND
Cholesterol 0.050 0.066 0.027 0.044 0.095 0.025 0.024
5α-cholestanol Tr Tr Tr 0.011 0.019 Tr Tr
Octacosanol 0.042 0.027 0.033 0.446 0.285 0.036 0.021
Ergosterol ND Tr ND 0.010 Tr ND ND
24-ethylcoprostanol 0.026 0.016 0.014 0.046 0.060 0.026 0.013
Campesterol 0.064 0.051 0.056 0.097 0.097 0.079 0.064
24-ethylepicoprostanol 0.018 0.012 0.010 0.028 0.060 0.024 0.014
Stigmasterol 0.014 0.011 0.011 0.025 0.021 0.020 0.017
∆7-ergostenol Tr 0.014 Tr 0.138 0.086 Tr Tr
β-amyrin 0.015 0.010 0.015 0.025 0.023 0.016 0.015
24-ethylcholesterol 0.115 0.087 0.096 0.219 0.216 0.156 0.113
24-ethyl-5α-cholestanol 0.061 0.036 0.038 0.139 0.197 0.071 0.045
α-amyrin Tr Tr Tr Tr 0.013 Tr Tr
Triacontanol 0.030 0.019 0.029 0.262 0.152 0.042 0.025
Hopanol #1 0.017 0.013 0.012 0.032 0.031 0.015 0.010
Fernol Tr Tr Tr ND ND 0.011 0.011
∆7-stigmastenol Tr Tr Tr 0.017 0.011 Tr Tr
Hopanol #2 0.027 ND 0.016 0.059 0.061 0.027 0.020
m/z 291 Tr ND ND ND 0.016 Tr Tr
Dotriacontanol Tr Tr Tr 0.443 0.109 Tr Tr
A - Not detected (ND) or Trace (Tr)
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Table 35. Major unsaponifiable lipids in the water extractable dissolved fraction of other sources.

Decaying vegetation
Analyte
(µg/g dry weight)

1. Ellinbank 2. Ellinbank 3. Ellinbank 4. Field A 5. Field B

Hexacosanol 0.013 0.021 TrA 0.161 0.133
Cholesterol 0.016 0.030 Tr 0.034 0.065
Octacosanol Tr Tr ND 0.033 0.031
24-ethylcoprostanol Tr Tr ND ND 0.025
Campesterol Tr 0.011 Tr 0.112 0.103
Stigmasterol Tr Tr ND 0.027 0.021
β-amyrin ND ND ND ND 0.022
24-ethylcholesterol 0.010 0.021 Tr 0.314 0.267
24-ethyl-5α-cholestanol Tr Tr ND 0.038 0.043
Triacontanol Tr Tr ND 0.013 0.017
A - Not detected (ND) or Trace (Tr)
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Table 36. Major unsaponifiable lipids in the particulate fraction of overland flow water from Arawata, Darnum and Trafalgar.

Arawata Darnum Trafalgar
Analyte (µg/L) (s)A (m) (c) (m) (c) (m)
Phytol 6.0 1.5 16 138 20 32
Tetracosanol 0.69 0.18 1.7 7.2 1.7 3.2
Hexacosanol 13 4.1 36 156 37 85
Coprostanol 0.31 0.10 1.8 10 2.2 4.3
Epicoprostanol 0.05 NDB 0.31 2.1 0.40 0.84
22-dehydrocholesterol 0.17 ND 0.55 0.73 0.46 0.86
Cholesterol 1.6 0.61 4.8 16 5.5 13
5α-cholestanol 0.45 0.14 1.2 5.1 1.6 3.2
Octacosanol 2.3 0.59 5.2 18 2.6 7.0
Brassicasterol Tr 0.02 0.01 ND ND ND
24-ethylcoprostanol 2.6 1.1 8.1 58 9.2 14
Campesterol 0.79 0.24 2.4 6.5 2.2 4.0
24-ethylepicoprostanol 0.94 0.34 6.2 32 4.7 9.8
Arctotheca m/z 163 ND ND ND ND ND 0.05
Stigmasterol 0.33 0.12 1.5 1.2 1.3 1.8
∆7-ergostenol 0.23 ND 0.95 6.8 0.56 2.0
β-amyrin 0.34 0.10 1.4 5.1 1.0 2.8
24-ethylcholesterol 2.2 0.80 6.6 16 5.4 8.7
24-ethyl-5α-cholestanol 1.4 0.87 4.0 27 5.5 12
Isofucosterol 0.06 ND 0.12 0.58 0.09 0.28
α-amyrin 0.11 0.03 0.33 1.1 0.37 1.2
Triacontanol 1.7 0.43 2.0 5.0 1.4 3.7
Hopanol #1 0.46 0.10 1.5 8.1 1.2 4.0
Fernol 0.15 0.06 0.17 1.8 0.25 0.82
∆7-stigmastenol 0.34 ND 1.0 5.8 1.0 2.2
Hopanol #2 0.93 0.30 1.7 4.9 2.4 14
m/z 291 0.23 ND 0.87 3.7 0.40 0.85
Dotriacontanol 0.36 0.08 0.72 1.9 0.47 1.3
A - sampled start of flow (s), mid-flow (m) or composite across flow (c) B - Not detected (ND) or Trace (Tr)
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Table 37. Major unsaponifiable lipids in the dissolved fraction of overland flow water from Arawata, Darnum and Trafalgar.

Arawata Darnum Trafalgar
Analyte (µg/L) (s)A (m) (c) (m) (c) (m)
Tetracosanol 0.55 NDB ND 4.3 ND 2.1
Hexacosanol 9.8 3.5 5.0 74 3.0 45
Coprostanol 0.34 ND 1.1 3.3 ND 1.3
Epicoprostanol ND ND 0.06 0.96 ND 0.60
22-dehydrocholesterol ND ND ND 0.13 ND 0.29
Cholesterol 2.0 0.69 2.6 7.1 2.3 11
5α-cholestanol 0.25 0.11 0.52 1.4 ND 1.2
Octacosanol 1.2 0.49 0.40 6.1 ND 2.6
Brassicasterol 0.16 ND Tr ND ND 0.58
Ergosterol ND ND ND ND ND ND
24-ethylcoprostanol 2.9 0.51 4.8 19 0.71 4.4
Campesterol 0.84 0.28 1.1 2.9 ND 3.4
24-ethylepicoprostanol 1.4 0.34 3.1 16 ND 7.4
Arctotheca m/z 163 ND ND ND ND ND ND
Stigmasterol 0.32 0.14 0.83 0.38 ND 1.0
∆7-ergostenol ND ND ND 0.27 ND ND
β-amyrin 0.59 ND 0.66 2.2 ND 0.83
24-ethylcholesterol 2.5 0.91 3.3 5.9 1.6 5.9
24-ethyl-5α-cholestanol 0.83 0.40 1.2 6.9 0.62 3.3
α-amyrin 0.35 ND 0.20 0.93 ND 0.62
Triacontanol 0.73 0.38 0.17 1.6 ND 1.5
Hopanol #1 0.24 ND 0.41 1.4 ND 0.47
Hopanol #2 0.54 ND 0.51 1.0 ND 1.9
m/z 291 ND ND 0.30 0.50 ND ND
Dotriacontanol ND ND 0.05 ND ND 0.42
A - sampled start of flow (s), mid-flow (m) or composite across flow (c) B - Not detected (ND) or Trace (Tr)
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Table 38. Major unsaponifiable lipids in the particulate fraction of overland flow water from the Macalister Research Farm

Field A Field B Section A Section B
Analyte (µg/L) (c, 1)A (s, 2) (e, 2) (c, 1) (s, 2) (e, 2) (m, 1) (s, 2) (m, 2) (m)
Phytol 23 2.5 5.7 32 6.2 3.7 2.1 8.2 23 25
Tetracosanol 1.6 0.39 0.73 5.2 1.6 0.32 0.19 0.39 0.80 4.6
Hexacosanol 15 2.9 5.6 11 7.3 1.3 2.1 6.2 16 8.9
Coprostanol 3.0 0.17 0.18 0.65 0.47 0.06 0.14 0.80 1.7 0.68
Epicoprostanol 0.65 NDB ND 0.10 ND ND ND 0.09 0.23 0.09
22-dehydrocholesterol 0.36 0.06 0.08 0.84 ND 0.21 0.16 0.11 ND 0.63
Cholesterol 9.3 1.4 2.0 8.2 4.9 3.5 2.6 5.2 3.4 8.1
5α-cholestanol 4.7 0.29 0.40 1.1 0.62 0.20 0.25 0.90 1.1 1.2
Octacosanol 6.6 1.5 2.9 3.9 3.4 0.49 0.93 4.2 13 3.5
Brassicasterol 0.04 0.01 0.01 0.05 0.01 0.03 0.01 0.12 ND 0.05
24-ethylcoprostanol 13 0.63 1.0 3.0 1.8 0.29 0.81 3.3 7.1 3.3
Campesterol 6.3 0.53 1.4 4.1 2.0 1.8 1.4 1.6 1.8 4.3
24-ethylepicoprostanol 7.0 0.34 0.50 1.4 1.1 0.22 0.36 2.2 4.4 1.4
Stigmasterol 5.9 0.37 1.4 3.1 1.8 7.9 2.9 0.39 0.60 2.8
∆7-ergostenol 2.7 0.90 1.3 9.2 2.3 0.52 0.25 0.58 0.64 9.3
β-amyrin 1.1 0.19 0.24 0.33 0.49 0.14 0.09 0.49 0.85 0.36
24-ethylcholesterol 14 0.99 2.6 6.8 3.4 4.4 6.0 3.5 5.4 6.7
24-ethyl-5α-cholestanol 14 1.1 1.4 2.4 2.3 0.71 0.68 9.3 15 3.0
Isofucosterol 0.29 0.03 0.08 0.31 0.12 0.21 0.38 0.13 0.07 0.23
α-amyrin 0.31 0.07 0.10 0.10 0.23 0.07 0.02 0.15 0.26 0.10
Triacontanol 3.9 1.3 2.4 2.0 1.8 0.41 0.54 2.3 8.4 2.0
Hopanol #1 1.7 0.22 0.40 0.47 1.2 0.14 0.13 0.62 1.3 0.48
Fernol 0.28 0.06 0.12 0.19 0.13 0.08 0.14 0.33 ND ND
∆7-stigmastenol 2.1 0.50 1.0 4.0 1.3 0.31 0.22 0.50 0.64 4.4
Hopanol #2 3.4 1.3 4.0 2.1 2.2 1.0 0.97 1.2 3.2 1.9
m/z 291 2.7 0.36 0.36 0.71 0.69 0.29 0.19 1.9 4.2 0.91
Dotriacontanol 3.8 1.7 3.5 1.4 2.3 0.26 0.53 2.7 11 1.3
 A - sampled start of flow (s), mid-flow (m) or composite across flow (c), first (1) or second irrigation (2) B - Not detected (ND)
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Table 39. Major unsaponifiable lipids in the dissolved fraction of overland flow water from the Macalister Research Farm

Field A Field B Section A Section B
Analyte (µg/L) (c, 1)A (e, 2) (c, 1) (e, 2) (m, 1) (s, 2) (m, 2) (m)
Hexacosanol 3.6 NDB 2.1 ND 0.47 2.2 3.1 2.1
Coprostanol 0.34 ND ND ND 0.07 ND 0.40 ND
Cholesterol 3.6 1.0 2.5 1.3 1.2 5.2 2.4 2.8
5α-cholestanol 0.76 ND 0.23 ND 0.08 ND 0.41 0.22
Octacosanol 1.5 ND 0.78 ND 0.21 0.90 1.7 0.77
Brassicasterol 0.31 ND 0.27 ND 0.07 ND 0.13 0.29
24-ethylcoprostanol 1.4 ND 0.42 ND 0.24 ND 1.5 0.49
Campesterol 1.4 ND 0.75 ND 0.35 2.1 0.77 0.83
24-ethylepicoprostanol 2.4 ND 0.64 ND 0.21 ND 2.3 0.75
Stigmasterol 1.2 ND 0.62 3.5 0.20 ND 0.23 0.60
24-ethylcholesterol 3.7 ND 1.7 ND 1.1 5.4 2.4 1.8
24-ethyl-5α-cholestanol 2.5 ND 0.55 ND 0.20 2.2 2.3 0.70
Triacontanol 0.82 ND 0.48 ND 0.12 ND 1.1 0.48
Dotriacontanol 0.52 ND 0.22 ND ND ND 0.82 0.21
A - sampled start of flow (s), mid-flow (m) or composite across flow (c), first (1) or second irrigation (2) B - Not detected (ND)
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Concluding discussion

The aim of this study was to test the concept of using unsaponifiable neutral lipids for

tracing contaminants originating from organic sources. The range of compounds present

in the source materials and overland flow suggests that this technology can be used for

detection of a contaminant source (i.e. Type I application). For example, Arctotheca

calendula yielded an as yet unidentified compound (Arctotheca m/z 163). The ratios of

compounds and their derivatives may also help identify contaminant sources. For

example, the ratio of sterols to stanols would appear to be useful tool for identifying

source materials in the particulate fraction of water extracts as the ratio of 24-

ethylcholesterol to 24-ethylcoprostanol in faeces was generally <0.25, while for most

grasses this ratio was generally >4.

In order to use this technology for higher level applications (i.e. Type Ia and II),

especially tracing P exports, additional development work will be needed. The

compounds identified here were not the only compounds evident from the GC-MS; they

were compounds that reflected the background of the analysts, or were noticeable for

some other reason. No doubt as the technology develops, additional unsaponifiable

neutral lipids and compounds from other groups, such as phospholipids, fatty acids and

alkanes, will be identified that can assist in fingerprinting contaminant sources.

The presence of organic markers in the particulate fraction of overland flow was

expected. The presence of organic markers in the dissolved fraction was less certain. A

surprising feature of the lipids in the overland flow, especially from the dryland sites,

was that many of the analytes, for example cholesterol and 24-ethylcoprostanol, were in

similar concentrations in both the particulate and dissolved fractions. It had been

expected that due to their surface activity these compounds would be largely absent

from the dissolved fraction. It remains to be seen if the lipids in the dissolved fraction of

overland flow are colloidal material or in solution. However, these data suggest that the

sources of dissolved (i.e. dissolved P) as well as particulate contaminants in water,

could be traced.
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While it is not within the scope of this thesis, a detailed mathematical examination of

this technology is required. The ratios of related compounds in the dissolved fraction of

overland flow appeared less stable than in the particulate fraction. It may be that the

variability in the ratios results from analytical error (i.e. where the analytical error is of

similar magnitude to the analyte concentration) rather than variability in the analyte

concentrations themselves. The concentrations of individual compounds may be a less

stable property than the proportion of that compound in relation to the total quantity of

lipids. This merits further investigation. Cluster analysis of relationships within the data

that allow the development of a multi-compound fingerprint of contaminant sources,

and de-mixing software that can be used to attribute the variability in compounds to

sources, are tools that have not as yet been applied to this technology.
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Chapter 8 – Concluding discussion
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Introduction

Nutrient exports, in particular P, are a major problem for Gippsland and many other

regions of Australia. Nutrients are exported from all forms of land use and generation

rates depend on a range of physical properties such as soil type, infiltration rate and

slope, climatic factors such as rainfall volume and intensity, and management factors

such as soil cover, organic matter accumulation and nutrient loading. The impact of a

particular activity on receiving waters is a function of both the generation rate and

contributing area.

A key component of this thesis has been the study of a single site at Darnum in West-

Gippsland. There is little doubt that P generation rates from the Darnum site are at the

high end of expectations. The soil fertility is high compared to other farms in the region

and the site was monitored during the development period when capital applications of

fertiliser were used to raise soil P concentrations from 17 to 57 mg/kg (Olsen P). There

are clearly risks in extrapolating from a single site. However, while the relative

importance of P sources and processes may vary between sites, data from Darnum has

provided useful insights into many aspects of P export.

Darnum monitoring results

The initial aim of the Darnum study (Chapter 3) was to test the assumption that P

exports were mobilised as a result of detachment (erosion) processes. The monitoring

showed that P from this well-managed pasture was mobilised primarily by dissolution

rather than physical detachment processes. This finding has since been confirmed in

similar studies elsewhere (Department of Natural Resources and Environment, 2000;

Fleming et al., 2000; Fleming et al., 2001; Macalister Research Farm Co-operative Ltd.,

2001). Consequently, remedial strategies that rely on reducing field-scale erosion and/or

physically trapping P prior to its discharge into streams (i.e. buffer strips and riparian

zones) are unlikely to be effective in decreasing P exports from pastures. However, it

should be noted that in erosion prone areas and drainage lines where in-stream

processes are contributing sediment and P to streams, buffer strips and riparian zones

would be a useful component of a farming system.
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Phosphorus concentrations

The P concentrations in overland flow from Darnum were approximately two orders of

magnitude higher than recommended for streams in the area (EPA, 1995). If generated

from a sewage treatment system, the Darnum overland flow would not be licensed for

discharge (i.e. >2 mgP/L) into a stream without further treatment to reduce the P

concentration (Peter Marwood, pers. comm. May 2002). This result is consistent with

data from other sites (Department of Natural Resources and Environment, 2000;

Fleming et al., 2000; Fleming and Cox, 2001; Macalister Research Farm Co-operative

Ltd., 2001).

While dilution and in-stream processes during transport reduce P concentrations, it is

noteworthy that the Moe River at Darnum is classed as “degraded” with respect to TP

concentration (Cottingham et al., 1995). Is this a consequence of contributions from

many sites like Darnum?

The P concentration in overland flow from the Darnum site was higher than has been

measured in many European studies. In part this may reflect differences in the farming

systems where stock are housed over winter in Europe but not in Australia. In addition,

the differences in P concentrations may also reflect the relative rates of organic matter

decomposition when overland flow occurs. In Gippsland, overland flow occurs in late

winter and spring (i.e. late August to early November) and coincides with increasing

temperatures. These warm, moist conditions result in higher rates of plant production

and organic matter decomposition than at any other times of the year. In Europe, it

would appear that overland flow often occurs during winter when low soil temperatures

would tend to depress organic matter decomposition. As soil moisture in Gippsland is

near field capacity for much of winter and spring, there is little evidence to suggest that

wetting and drying cycles are stimulating microbial decomposition that results in

additional P mobilisation.
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Within-storm variation

The analyses of within-storm variation from Darnum suggest that P is probably

mobilised close to the soil surface. The supporting evidence comes from analyses of

flow and P relationships late in the storms, and the extraction of organic materials along

with P. These data are equivocal. If P is mobilised close to the soil surface,

redistributing P sources through the root zone by cultivation is a possible remedial

strategy. This is a blunt management tool, but it could be effective. Spot sampling at the

Macalister Research Farm where the Pilot fertiliser field experiment was undertaken

(Chapter 5) suggests that laser grading reduced P concentrations in overland flow by ca.

a factor of 5.

The Darnum data also suggest that P will not be exhausted over the duration of most

overland flow. Again this has been confirmed at other sites (unpublished data). It

follows that for sites similar to Darnum, P exports will increase in years of above

average rainfall and consequent overland flow. In some instances, P concentrations

appeared to increase during the storms. In others, P concentrations initially increased

and then decayed to ca. 75% of the peak values. The latter observations may be an

artefact of a monitoring system that restricts flow (i.e. ponds water as part of the

measurement process). The initial flow may have originated close to the flume and been

measured before subsequent rainfall and overland flow diluted the P. If this were the

case, the rainfall and flow patterns for storms that yielded an increase in P

concentrations followed by slight decay, and those where the P concentrations

continued to increase over the period of flow, should be different.

Another possible explanation for the change in P concentrations within storms is that P

is mobilised at different rates from different sources. In a two-source model, the initial

increase in P concentration may reflect mobilisation from a labile source that is rapidly

exhausted. The slight decline in P concentrations may reflect the rate of P mobilisation

from a second source in which contact time, rather than the size of the P store,

determines the P concentration. The available pool and rate of P mobilisation rather than

their physical origin would distinguish the two sources. For example, despite being

derived from the same material, labile P on the surface of decaying organic matter and
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contained within the soil fabric may be considered separate P sources. Accepting this

model, the increase in P concentrations over some storms may well reflect the

interaction between the rate of mobilisation and the hydrology. Investigating such an

interaction through empirical data such as that reported in this thesis is extremely

difficult.

The irrigation data from the fertiliser experiments are consistent with the presence of

more than one source of P. Phosphorus concentrations were highest in the wetting front

and increased down the bays. As sampling occurred where the depth of water was >40

mm, dilution alone could not account for the depressed P concentrations behind the

wetting front. The P in the water and the soil were not in equilibrium suggesting a rate

limited reaction. Measuring the changes in P concentration on longer bays could test

this hypothesis.

What are these possible P sources? One could imagine that some labile P is a function

of microbial degradation and cell lysis. Physical processes could well control the rate of

P release from other sources. For example, assuming 1200 kgDM/ha contains 60 kg of

P (0.5%), diffusion through the tissue could provide a continuous supply of P. Similarly,

P diffusing from decaying vegetation and desorbed from the soil fabric could supply P

slowly over an extended period. Given that the soil is a complex system, there is

probably a plethora of P sources and these may vary between dryland and irrigation

systems.

Between-storm variation

For the Darnum site, the timing of fertiliser application and grazing were the major

factors affecting P exports. The ‘base-plus-increments’ model presented in Chapter 3

describes the change in P concentration between storms adequately and is a useful tool

in working with farmers to make incremental improvements to farm management. The

model has also adequately described the changes in P concentrations between storms

elsewhere (Cottingham et al., 1995).
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The model provides useful insight into the relative improvements to P export that can be

expected from particular management decisions. The following assumptions have been

made:

• The Darnum model is generally applicable to situations throughout

the region;

• Fertiliser is applied to one third of fields at random once between

August 1 and September 30 (i.e. all other applications occur in

autumn);

• Overland flow is the only source of P in streams and occurs between

August 1 and October 31 which is usually the period of maximum

rainfall-induced overland flow;

• Grazing commences on August 1 with a 21 day rotation as is

common in early spring;

• Phosphorus is exported as a result of 4 storm systems that generate

similar volumes of overland flow and are reasonably evenly

distributed (i.e. at ca. 23 day intervals); and

• Phosphorus concentrations are independent of flow at this scale so

that P concentrations are proportional to load.

Based on these assumptions the model would suggest that in the worst case fertiliser

would contribute ca. 7% of the P load from fields (paddocks) in this region. If the

fertilisers were applied more than 4 days before overland flow occurs, it would

contribute ca. 2% to P export. It follows that optimising fertiliser application rates

through whole farm nutrient budgeting or even a total ban on the use of P fertilisers will

have only a small effect on reducing P exports at a regional scale in the short to medium

term (i.e. 0 - 15 years).

Using the assumptions, the ‘base-plus-increments’ model also suggests that in the worst

case grazing would contribute ca. 20% of the P exported. The 95% confidence limits for

the grazing scenario would be large, reflecting the variability in this component of the

model.
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Grazing can have a greater impact than fertiliser on P loads as it occurs in all fields on a

regular basis. While it is easy to speculate on how grazing could increase P exports (i.e.

pasture damage), it is probably not as simple as it might first appear. Grazing does

increase P in faeces that are returned to fields. Grazing probably increases P

mobilisation from plants by exposing intracellular plant stores. But grazing also disrupts

the organic material at the soil surface and by removing the shading, exposes the soil

surface to different climatic conditions that may enhance microbial decomposition of

detrital material.

As the stocking rates were essentially constant, the Darnum site cannot be used to

empirically compare the effects of stocking rate on P export. From a mechanistic point

of view it seems plausible that increasing the stocking rate by itself will have only a

minor effect on P exports. The effects of increased stocking on P sources (i.e. mass of

available P per unit area) would, with the exception of faeces, change only marginally.

However, these are farming systems and as such one parameter is never changed in

isolation. If increased stocking results in adverse soil physical changes, sources and

mobilisation processes may not change significantly, but transport of P could well

increase as a result of increased overland flow.

The systematic or base component of the model, the yearly change in P concentration

that is not explained by the timing of fertiliser application or grazing, or storm flow, is

also important. It suggests that with current technology (i.e. current best management

practices) P in overland flow at this scale cannot be reduced to acceptable

concentrations for discharge to streams. The systematic components measured in this

study averaged between 4 and 6 mgTP/L depending on inclusion or exclusion of

drought years. The stream targets for the Darnum segment of Gippsland are a mean P

concentration of 0.045 mgTP/L and 90th percentile concentration of 0.065 mgTP/L

(EPA, 1995). The systematic or base components of P exports in overland flow from

Darnum are approximately two orders of magnitude higher than the stream targets.

 Equally important, because the soil P concentration measured using standard

agronomic practice (i.e. soil sampling to 0 - 100 mm depth) increased during the study,

the variability in the systematic component of the model between years suggests that

such agronomic measures provide poor estimates of P export potential. While
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acknowledging the residual error in the estimates, the variability in the systematic

component may reflect the importance of biological activity near the soil surface that

we as yet do not understand, and the inability of a 0 - 100 mm soil sample to reflect this

activity.

In summary, the data from the Darnum site suggest that improved fertiliser management

while assisting will not by itself reduce P exports to acceptable levels.

The experiments presented in Chapters 4 and 5 tested the hypothesis that fertilisers have

different properties that could be used to decrease P exports from these sources.

Fertiliser laboratory study

The laboratory experiments demonstrated that when fertilisers are applied to soil, the

soil type, climatic conditions, time between fertiliser application and sampling,

formulation (i.e. DAP or SSP) and granulation (i.e. coated or not coated) affect the rate

at which fertiliser P can be extracted using water.

Soil type had the largest effect on water-extractable P. The soil type with the highest P

sorption had the lowest water-extractable P. It follows that the half-life of fertiliser is

related to P sorption. This proposition seems logical but was not tested under field

conditions. With only two soils used, the difference between the soils may reflect soil

physical properties, such as texture and structure, as well as P sorption. In addition, the

repacked soils used in these experiments were selected to minimise the effects of

organic matter on the results by excluding topsoil (0 - 50 mm). Consequently, surface

soil characteristics reflected those of the bulk soil. This is rarely the case in the field

where P and organic matter accumulate at the soil surface and would be expected to

lower P sorption. In this situation, the P sorption capacity of the layer in contact with the

fertiliser granule, rather than the bulk soil (i.e. 0 - 100 mm), would probably provide the

best estimate of differences between the soils. In pastures that have been established for

more than few years, as a result of P and organic matter accumulation, the surface soil

could well be near saturation irrespective of the sorption capacity of the underlying soil

fabric. During the experiments it was observed that the extracting solutions from the
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DAP treatments were tannin coloured. This may indicate that DAP was mobilising

organic matter. The effects of such organic matter may be to lower the rate of P fixation

and in so doing, increase P mobilisation, especially in field situations, and may merit

further investigation.

The effects of fertiliser type were quite marked with DAP releasing more water-

extractable P than SSP. This result was consistent with the expected properties of the

two formulations. The decrease in water-extractable P as the time interval between

fertiliser application and sampling increased was also not surprising. The fixation of P

following the application of fertilisers has been extensively studied. In general terms

these results imply that management practices that increase the time between fertiliser

application and overland flow will reduce P export. The Darnum data (Chapter 3)

suggest that an interval of 3 to 4 days would halve P exports directly from fertilisers.

 Fertiliser field study

The field study consisted of an opportunistic Pilot experiment in which fertiliser

application was followed soon after by rainfall-induced overland flow, followed by a

statistically balanced and replicated experiment using border irrigation bays.

In the irrigation experiment sampling position was the main treatment effect. Highest

concentrations were measured in the wetting front and declined back up the bay, but the

relationship was not linear. This implies that drainage will contain more P than samples

of the bulked water would imply and bears consideration in assessing the environmental

impacts of such sites.

As expected there were significant differences in P concentrations pre- and post-

fertiliser applications and P concentrations declined significantly in the second irrigation

following fertiliser application. The time between fertiliser application and irrigation, up

to 10 days, was a major treatment investigated in the study. The results, while

statistically significant, were inconsistent across treatments. It is unclear why this

inconsistency occurred. However, as there appears to be no agronomic disadvantage,
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maximising the period between fertiliser application and overland flow would appear to

be prudent management.

In the rainfall-induced overland flow, more P was exported from the DAP treatment

than the SSP treatment. However, as this experiment was unreplicated the results should

be treated with care. In the border irrigation experiments, higher P concentrations were

measured where SSP rather than DAP had been applied. The laboratory experiments

suggested that P is mobilised more quickly from DAP than SSP. The interaction

between soil hydrology and the rate of P mobilisation provides an adequate explanation

for these results. In the Pilot experiment the rainwater partially infiltrated the wet soil,

but ca. 50% moved as overland flow down the bay. In the case of border irrigation the

water first infiltrated the dry soil at the wetting front and may have carried with it the

additional P mobilised from DAP.

The interaction between the rate of P mobilisation and soil hydrology, the transport

process, is a possible explanation for much of the variation in P concentrations

measured at Darnum. In the Darnum study an infiltration estimate or a surrogate, such

as antecedent soil moisture, was not used as a parameter in the modelling, so it is

difficult to be sure. However, if it is assumed that there are many small labile sources of

P that are supply-limited, and a smaller number of larger P sources that are rate-limited,

then it may be possible to explain some of the variability in the systematic component

by variable hydrology.

In terms of management principles to decrease P exports, it would appear that where

overland flow is likely to occur within a few days of fertiliser application, then DAP

would be preferred to SSP on border irrigation farms. On dryland farms, the question

would seem more complex as the most appropriate formulation would depend on the

infiltration characteristics of the soil at the time of application.

It is extremely difficult to investigate P sources and mobilisation and transport processes

with current technology. Individual components can be investigated in laboratory

experiments but their relative importance in the field is difficult to assess. Chapters 6

and 7 investigated tracing technologies that may be useful for studying P sources and

mobilisation, and transport processes, primarily at a field scale.
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Tracing fertiliser phosphorus

Attempts to use metal contaminants to trace P directly from fertiliser were only partially

successful. Strontium and cadmium could be used for tracing P in the first irrigation

after fertiliser application. However, the utility of the techniques was affected by the

considerable variation in strontium and cadmium concentrations between farms prior to

fertiliser application. Further, the decline in P concentrations in the second irrigation

following fertiliser application was not reflected in the strontium and cadmium

concentrations. The reasons for this may relate to the solubility of the compounds

containing the trace metal species.

Tracing organic sources of phosphorus

There are many possible organic sources of P in grazed pasture systems. Quantifying

the contributions of these sources is a necessary pre-requisite to developing effective

and targeted remedial strategies. This study has shown the considerable potential for

using unsaponifiable neutral lipids to trace the sources of contaminants, such as P, in

overland flow.

Unsaponifiable neutral lipids were shown to be present in analytically significant

quantities in both dissolved and particulate fractions of overland flow. Unsaponifiable

lipid profiles of possible P sources appear to be source specific and could in future be

used to identify organic sources of contaminants in overland flow.

Bringing it all together: Understanding and managing P exports

This thesis has investigated P sources and mobilisation, and transport, primarily at the

paddock or field scale. This was the appropriate scale for the work because it is the

scale at which remedial action is undertaken. However, it does not reflect in-stream

transport processes, the varied sources of P in a catchment, or the scale at which the

impacts of P exports are manifested. Inorganic marker technology has already been

applied at catchment scales to investigate sediment sources and processes. With the
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wide variety of organic marker compounds, and therefore potential tracers available,

this technology offers the possibility of comparing and quantifying processes at a range

of scales.

In pasture-based livestock enterprises the soil and grass powers the system. In making P

available to the plants, it is made available to water, so P exports are likely consequence

of any plant production system. To maintain pasture production P fertilisers are needed.

In comparison to the amount of P already in the soil, these additions are of relatively

minor consequence. For example, it is common in Gippsland for the surface 50 mm of

soil to contain >1500 kgP/ha while fertiliser additions are commonly 35 kgP/ha. Where

managed appropriately, fertilisers are likely to have a minor impact on the quantities of

P that are exported. Agronomic tests, such as Olsen P or Colwell P at 0 - 100 mm,

indicate the amounts of P in various soil stores. Within the range of ca. 20 - 50 mgP/kg

Olsen P, P exports appear to be largely independent of the size of such P stores. It is

possible to intercept P exported from grazing systems but the spatial distribution of the

sources prevents the broad scale application of such technologies. Fundamentally there

is a problem with the soil/plant system: it leaks P!

If it is accepted that P exports are inevitable, then how could they be minimised? On-

farm management practices such as those described in this thesis will help, but in-

stream processes will moderate their catchment scale impact. It seems unlikely that

simply changing on-farm management will result in sufficient reductions to P entering

the Gippsland Lakes to ensure their long-term health. So how can the productivity in

agricultural catchments and prosperity of regional communities be maintained, and

environmental assets protected?

A change in thinking and the development of a more catchment-scale view of the

problem is possibly needed. It is often argued that more intensive agricultural systems

export more P. But how do we arrive at this conclusion? Phosphorus generation rates

are typically compared per unit area rather than per unit of production. Is a production

system producing 20,000 litres of milk per hectare less acceptable than one producing

half the milk but exporting almost as much P?
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Somewhat counter-intuitively it could be argued that intensification of the grazing

industries is probably the best opportunity for achieving our economic, environmental

and social goals. Retiring those areas that have the highest environmental and social

costs per unit of production, while intensifying production and management on the best,

most capable land, provides a possible way of reducing P exports, but requires

collective community support if it is to succeed.

How might the new production system look? Outlined below are a few ideas.

Certified personnel would undertake fertiliser sales and distribution. Fertilisers

would only be applied by individuals who have undertaken appropriate training,

as currently occurs for other agrochemicals such as herbicides and pesticides, to

ensure that the direct input of fertilisers to streams and to wet areas near streams

and those producing overland flow, is minimised.

Most P fertiliser would be applied in late summer for dryland systems. For

irrigation systems, there would be individual recommendations for a particular

region to maximise the time between fertiliser application and overland flow.

Where fertilisers are applied in a period when overland flow might be expected in

the following 4 to 10 days, specific compounds and formulations would be

mandated.

Dairy shed and feedpad wastes would be considered as fertiliser for the purposes

of application to land.

Nutrient budgeting, including soil testing, would be used to prevent unacceptable

accumulation of P in soils over the longer term (> 15 years).

Plant species would be grown that are bred for a mix of characteristics including P

efficiency (i.e. production at particular fertility levels) and low P, especially

soluble P, content.
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Cultivation would be used to bury P that has accumulated at the soil surface. This

may require that both perennial and annual plants are part of the rotation.

Grazing would be restricted to 2 - 3 hours twice daily for most of winter and

spring in order to minimise adverse changes in soil physical properties that would

reduce infiltration and increase overland flow. As a consequence standoff areas

and feedpads would become an integral part of the farming system.

In summary, this thesis suggests that: P is mobilised in a dissolved form where there is

no predisposition to detachment (erosion); grazing is likely to result in some P exports;

when soluble P sources are added to surface soil and overland flow occurs, P exports

increase; and P mobilisation rates and field hydrology probably interact to determine P

exports.

But what this thesis has also done, admittedly for a limited set of conditions, is

quantified the effects and aided the development of technologies that may help identify

P sources. Equally important, this work has improved the understanding of the

processes responsible for P export in pasture-based grazing systems in south-eastern

Australia and the factors that affect them.

This study has not found the solution to P exports or anywhere near it. However, it has

helped lay the foundation for realistic expectations of what can be achieved with current

technology and provided some indications of how reductions in P exports at a farm

scale could be initiated. The Gippsland Lakes are a national treasure. Phosphorus

exports into the Gippsland Lakes are a big problem. It will require a big change in our

thinking if we are to make meaningful progress towards solving it.
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