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Purpose and disclaimers
Purpose:
This report is intended to help inform the development of the Lake Wellington Land and Water
Management Plan. The primary scope of this review is to prepare a short report that will:
•
•
•

•

Consider three scales: the farm scale, local / small catchment scale and whole catchment
scale; but with a particular focus on the farm scale.
Focus on the movement of Phosphorous, Nitrogen, sediment (and any other pollutants
considered to be important) from farm to receiving waterways.
Look at the movement of nutrients, including consideration of:
o What processes are well known and understood with rigorous scientific backing?
o What are the major processes governing Phosphorous movement from farm to
waterways?
o How should we be thinking about Nitrogen and Sediment in the context of irrigated
dairy and horticulture?
o What can be done to limit the movement of nutrients off farm?
Consider both the irrigated dairy and irrigated horticulture sectors (and beef/sheep if
required).

Also of interest, if possible, is any information about:
• How biocides and pathogens could be considered.
• Quantified nutrient and sediment contributions within the catchment and sub-catchments
(if/where known).
Matters specifically not in scope are:
•
•
•

In-stream processes and actions within the waterway management program.
Investigating the feasibility of intervention options and priorities.
Economic assessment of options.

Copyright:
West Gippsland Catchment Management Authority, 2018.
Hotham Street, Traralgon, VIC, 3844.
West Gippsland CMA Project Officer: Caitlin Pilkington CaitlinP@wgcma.vic.gov.au
Project Consultant - Author: Peter Day prday@resourcestrats.com.au
Disclaimer:
This publication may be of assistance to you but the West Gippsland Catchment Management
Authority (WGCMA) and its employees do not guarantee that the publication is without flaw of any
kind or is wholly appropriate for your particular purpose. It therefore disclaims all liability for any
error, loss or other consequence which may arise from you relying on any information in this
publication.

Lake Wellington Science Review – February 2018

P R Day

Contents
Purpose and disclaimers ......................................................................................................................... ii
Preface ................................................................................................................................................... iv
1

Key Points ........................................................................................................................................ 1

2

Impacts ............................................................................................................................................ 5

3

Causes ........................................................................................................................................... 11

4

Transport ....................................................................................................................................... 27

5

Sources .......................................................................................................................................... 38

6

Management Practices ................................................................................................................. 49

7

Management Programs................................................................................................................. 64

8

References ..................................................................................................................................... 71

9

Appendices .................................................................................................................................... 78

Lake Wellington Science Review – February 2018

P R Day

Preface
This Science Review has been prepared to help inform the development of a Lake Wellington Land
and Water Management Plan, which will develop strategies to meet a reduced annual P-load target
for the Lake. The Review is to bring together relevant technical information from various scales and
disciplines to form a comprehensive and cohesive body of knowledge that may be understood and
relied upon by the Plan’s developers.
It is a broad field and the Review has had to set boundaries (e.g. in-stream processes, waterway
management, and the feasibility and economics of intervention options have been excluded), and
retain focus (e.g. the role of wild fire in the mobilisation of nutrients has not been covered as there
are limited management interventions feasible within the likely construct of the Plan).
The Plan will be applicable throughout the Lake Wellington catchment, but is expected to focus on
irrigation areas and the major primary industries of dairying, horticulture (especially annual crops)
and beef / sheep grazing. Nutrients (phosphorus and nitrogen) and sediments are the main focus.
This review has tried to present a similar balance, but within the confines of available literature. In
general, there is more information available about the environmental (catchment) aspects of dairy
farming than there is about different horticultural crops.
A framework developed by the dairy industry to analyse interactions between landuse and
catchments - Understanding Dairy Catchments – has been used as a guide to the structure of this
Review. Although the framework was developed for dairy catchments it is equally relevant to other
forms of primary industry. It provides a structured way to investigate and report on potential links
between property management and the environmental condition of receiving waters.
In the sake of efficiency, and to benefit from the analysis of others, much of the literature considered
in this Review has been of a ‘review’ style itself. When possible, reviews of relevant science have
been favoured ahead of the larger quantity of original scientific papers – although many have still
been sourced for clarification or for additional information. To optimise readability in this report the
authors of reviews are cited, not the authors of papers referenced in those reviews. Where possible,
key figures and tables have been reproduced. However, the focus of this work is on reviewing the
science, and a number have been presented in their original format.
This Science Review should be a ‘step-off’ point, rather than an ‘end-point’. The broad coverage
should help readers get to grips with aspects of most interest to them, and to see them in context.
From that point further enquiries may be needed for more current and/or local information. Land
use, primary industries and production systems are constantly changing. Current local situations may
challenge the relevance of literature that is only a decade or so old. Talking with industry and
researchers may often be necessary as a ‘next step’. None-the-less it is hoped this review meets the
needs for a comprehensive and coherent stocktake of knowledge, to help inform thinking and
planning for programs to enhance the condition of Lake Wellington and the catchments that feed it.
Copies of most references cited are available via the West Gippsland CMA.
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1 Key Points
Impacts
•
•
•
•
•

•

Winter and spring floods deliver most of the incoming nutrients and sediments to Lake
Wellington, the westernmost of the Gippsland Lakes.
High N:P ratios following floods suit nitrogen-dependant green algae - algal blooms can occur.
Sediments carry nutrients and contaminants, increase turbidity, and affect phosphorus cycling.
Lake Wellington is a net exporter of phosphorus.
Water, carrying nutrients and sediments, flows from Lake Wellington to the deeper, more
easterly, Lakes Victoria and King. Lake Wellington is a ‘receiving water’ and a ‘source’.
In deeper lakes, the decomposition of post-bloom algae releases N as gas and depletes oxygen
from lake-bottom waters. P is released from Lake sediments, lowering N:P ratios. Other
conditions permitting (e.g. salinity and temperature), nitrogen-fixing blue-green algae can bloom
as they then outcompete green algae.
Nitrogen inputs prime the lakes for blooms of blue-green algae. Phosphorus loads control the
extent and duration of any blue-green algal bloom.

Causes
•
•

•

Annual nutrient and sediment loads are variable, strongly influenced by rainfall.
Estimated annual loads to Lake Wellington are:
• Phosphorus: 69 – 140 tP/yr (3 times pre-development).
• Nitrogen: 1,770 – 2,800 tN/yr (1.5 times pre-development).
• Sediments: 110,000 – 190,000 t/yr (2 times pre-development).
Catchment modelling indicates that the main contributing catchments are:
Phosphorus

Nitrogen

Hillslopes, especially in
the Upper & Lower
Latrobe.

Hillslopes, especially in the
Western Latrobe.

High rates come from
the MID.
•

Sediments
Gullies and stream
banks, especially in
the Latrobe & MID.

High rates come from the
MID.

Catchment modelling indicates that the main contributing landuses are:
Phosphorus
Grazing (Latrobe) and
irrigation (Lower
Latrobe & MID).

Nitrogen
Forests (Western Latrobe &
Upper Thomson-Macalister
– which may have limited
bio-availability), and grazing
(Western Latrobe).

Sediments
Grazing (Latrobe & the
MID), and irrigation
(MID).

Transport
•
•

Dairy pastures lose phosphorus as dissolved P, in surface run-off. P concentrations in run-off are
related to soil P levels (which are often highest in the top 10-15 mms). Dissolved P readily
attaches to soil and sediments (e.g. in streams), becoming particulate P.
Dissolved nitrogen (e.g. dissolved nitrate) can leach through soils as well as being lost in surface
flows. Soil macro-pores and drains (surface and sub-surface) can also transport nutrients.
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Sediments are typically lost from exposed soils in surface run-off. Preferential deposition of
larger sediments occurs. Finer sediments, which stay suspended longer, often have higher
nutrient concentrations. Particulate P is often lost from annual horticulture in surface run-off.
The impact of nutrients on a catchment is influenced by the degree of connectivity between the
source and the receiving waters in question. Intervening wetlands, dams, lakes or riparian buffers
may act as ‘sinks’, and reduce connectivity. Drains may increase connectivity.
The role of dams, lakes and wetlands, buffers, and possible inputs from groundwater, are not
well understood for the Lake Wellington catchment. Nor is there much analysis of any potential
net benefits that may come from ‘slowing the flow’ of water from hillsides into waterways.

Sources
•
•
•

•

Nutrient losses are a combination of systemic (landscape or production system) and incidental
(manageable) factors. Systemic losses can dominate in well-managed operations, but less
effective management can result in large incidental losses in storms or following irrigation.
In studies monitoring run-off from landscapes used for different purposes, nutrient and sediment
concentrations are generally higher from horticulture, followed by grazing (including dairy), and
then forestry. Such studies reflect systemic and ‘typical’ incidental losses.
Nutrient intensive industries create a nutrient rich landscape.
• Dairy risks include: P-rich soils, stock, urine patches and effluent.
• Horticulture risks include: bare soils, high fertility, and the erodibility and hydrology of soils.
• The risk of nutrient loss increases with the solubility of applied fertilisers.
The management of Critical Source Areas (sites with high source and transport risk), and
connectivity, has a big influence on nutrient and sediment loss, especially during storms.

Management Practices
•
•

•
•

•

Minimising the loss of nutrients involves sound planning, optimising production per unit of input
(i.e. efficiency), and effort to contain losses.
Planning begins with ‘stock-taking’: whole property nutrient budgets, risk assessments and ‘best
practice’ assessment. Planning for integrated irrigation and nutrient management (including
effluent) will require: infrastructure design and installation, automation and decision support,
plus training (for producers and advisers) and access to advice and information.
Optimising production per unit of input involves Nutrient Use Efficiency, Water Use Efficiency,
and sound stock management. Precision farming – the right type or quality, at the right rate, in
the right place, at the right time – is applicable for irrigation water and nutrients.
Minimising nutrient losses involves:
• Care in the type and amount supplied to meet plant needs and soil constraints.
• Avoiding direct losses from fertilisers and effluent (e.g. through control of stock access and
integrated effluent management).
• Maintaining vegetative cover, managing run-off to trap sediments and particulate nutrients
(e.g. with contour drains, sediment traps and grassed buffers), and minimising the leaching
of soluble nutrients (e.g. avoiding over-irrigation to reduce nitrate leaching).
• Innovative options such as top-soil mixing, P-sorbing coagulants to critical source areas, and
the use of N-inhibitors may also be applicable.
A sub-catchment, or neighbourhood, approach may help identify and manage critical source
areas and connectivity issues, to contain nutrient and sediment impacts on catchments.
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Management Programs
•
•
•
•
•

Change-management programs must align the person, their property, and the promoted
practices. Catchment programs often need a multi-faceted approach. It can take decades before
environmental changes become apparent and targets may still not be achieved.
People may be at different stages of understanding and commitment to change for any given
practice, so a mix of information, messages and communication channels will be required.
New practices must be compatible with production systems, property infrastructure and the
environment. For high adoption rates, they must offer a relative advantage and be easy to trial.
Alignment with industry programs and messages can help.
Programs seeking environmental gains through changes in resource management need a good
science base, strong monitoring and evaluation, and a mix of ‘delivery’ elements.
A clear picture of current practice at the commencement of a program provides a firm base for
planning (e.g. identifying and quantifying target markets), as well as reporting change and
predicting environmental benefits. Modelled results and field data can aid evaluations.
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2 Impacts
In this section:
2.1 Lake Wellington
2.2 Water Quality Targets
2.3 Algal Blooms

2.1

Lake Wellington

Lake Wellington is a shallow, well mixed, turbid ecosystem that is well oxygenated. It was once a
freshwater system but is now brackish to saline (especially during drought), with fresher
characteristics immediately after major inflows from floods. The Thomson-Macalister and Latrobe
Rivers provide most inflow. It is high in nutrients, and generally has the highest phytoplankton
biomass of the three main Gippsland Lakes. Lake Wellington is a net exporter of nutrients to Lakes
Victoria and King (EPA – Water Quality Science Review).
Lake Wellington is generally not vertically stratified (or layered) by salinity or temperature. It is well
mixed due to its shallow depth and wind-driven waves, which also contribute to it being very turbid
(Karoo, 2014). Wave action can also increase bank erosion.

Figure 1 Lake Wellington catchment map including distribution of irrigated agriculture

At a broad scale, the Gippsland Lakes are influenced by sediment and nutrient delivery, such as:
•

Seagrasses in the marine influenced Lakes:
Page 5 of 80

Lake Wellington Science Review – February 2018

•

•

P R Day

• Sediment smothers seagrass.
• Increased turbidity inhibits light penetration and hence seagrass growth.
Nutrient levels in the lakes:
• Enhanced nutrient levels promote the occurrence of algal blooms.
• Nutrients also influence other ecosystem processes due to varied responses between species
to altered nutrient regimes.
Fringing wetlands:
• Sediment smothers vegetation.
• Increased turbidity influences vegetation and ecosystem processes (Zavadil, 2017).

The Gippsland Lakes have become increasingly saline since the permanent opening was cut to the
sea at Lakes Entrance in 1889. Lake Wellington is the least saline of the Lakes, but salinity levels are
highly variable; ranging from less than 1 (presumed measured as PSU) after floods, to drought
induced levels of over 15 (in 1998) and 20 (in 1982). Brackish water can move into the Lake via the
McLennan Strait due to variations in water level in the eastern lakes (Boon et al, 2015). Salinity in the
Lake has been noted to affect the previously freshwater fringing wetlands, e.g. reed beds (Boon et al,
2015).
A mix of salinity, nutrients, resultant algal blooms, and sediments have been linked with changes in
aquatic species, fish communities, the nature of fringing wetlands around the Ramsar listed
Gippsland Lakes, and the bird life they support – with consequences for the ecology, tourism,
recreation and fishing industries (Boon et al, 2015).
Harris et al (1998) reported a reduction in rainfall of between 45 to 55mm/month since the 1950s in
the Gippsland region. That, plus the development of dams, the extraction of water, and regulation of
rivers led to a reduction in the frequency of floods and the inundation of marshes. Coupled with
changes in salinity, the vegetation changed accordingly. The Gippsland Lakes are not in a ‘steady
state’ and are continuing to change in response to changes in the catchments and their connection to
the sea.
1968 saw a marked change in Lake Wellington when the salt-intolerant water-plant (or macrophyte)
Vallisneria australis disappeared during a severe drought. It has since been replaced by
phytoplankton as the main form of aquatic ‘plant life’. The loss has been linked with increased
salinity, higher nutrient loads and reduced water clarity associated with the drought, and subsequent
bushfire and flooding (Boon et al, 2015).
River inflows are the major source of freshwater into Lake Wellington, although groundwater
discharge contributes 24-36% of annual average flow in the Avon River. Quantitative information on
groundwater discharges in the Gippsland region is generally lacking, but wetlands on the western
side of Lake Wellington are believed to receive increased salt loads from groundwater driven by
elevated water-tables, due to irrigation and clearing (Boon et al, 2015).
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Water Quality Targets

The West Gippsland Catchment Management Authority must incorporate an objective into its
management actions of reducing Total Phosphorus (TP) inputs to Lake Wellington by 15 tonnes per
year by 2030; by including a 7.5 tonnes per year reduction objective in the Lake Wellington Land and
Water Management Plan and a 7.5 tonnes per year reduction objective in the West Gippsland
Waterway Management Strategy.
Through measures targeting phosphorus discharges from both irrigation and other diffuse sources in
the Lake Wellington Catchment, Total Phosphorus loads entering Lake Wellington are to be reduced
from an average of 115 tonnes to 100 tonnes per year by 2030 (DELWP, 2017).
The earlier State Environment Protection Policy (Waters of Victoria, Schedule F5, 2003), included a
target to reduce Phosphorus loads from the Macalister Irrigation District by 40% by 2005 (from 70 to
42 tonnes per year) (Fitzpatrick et al., 2017). The Macalister Irrigation District runs across lower parts
of the Thomson, Macalister and Avon Rivers.
It has been suggested that nitrogen load limits may be appropriate for Lakes Victoria and King as
nitrogen dependant algal blooms are more common in their higher salinity waters (DELWP, 2017).
Any targets would need to recognise inputs from Lake Wellington and catchments in East Gippsland.

2.3

Algal Blooms

The purpose of the load reduction target is to improve water quality in Lake Wellington, and reduce
the frequency and severity of algal blooms in the Gippsland Lakes - especially blue-green algae in the
deeper lakes. ‘Blue-green algae’ are photosynthetic cyano-bacteria, many of which are able to fix
nitrogen, which enables them to out-compete nitrogen dependant green algae when nitrogen is
limiting growth.
Holland et al., (2013) report that sediment cores from Lake King indicate there were blue-green algal
blooms in the Lake prior to the opening of the artificial entrance at Lakes Entrance in 1889, when
there was less flushing of the system. A second phase of blue-green algal blooms commenced in the
late 1980’s. It followed a steady increase in organic carbon in sediments after the 1940’s, which is
considered to be from phytoplankton. It is speculated that changing land use and management
practices led to the more recent phase, especially high fertiliser use, irrigation and river regulation.
Davis et al., (1998) concluded that organic matter associated with phosphate was under-rated as a
water quality issue. Dissolved Organic Matter adds nutrients (especially N) and depletes O2 in water
where P-rich materials are deposited. Organic matter inputs could contribute to the release of
phosphorus from lake sediments in anoxic conditions.
Although Lake Wellington is relatively shallow and the waters are well-mixed, surface waters warm in
summer and, with other measures such as nutrient concentrations and salinity permitting, they
become prone to algal blooms (DELWP, 2017). Algal blooms in Lake Wellington are usually green
algae, and the lake has the highest phytoplankton biomass of the three main lakes (EPA, 2015).
Ladson (2012) concluded that blooms of Nodularia (a blue-green algae) are mostly absent from Lake
Wellington due to generally low salinity, continuing nitrogen input in summer, and a low degree of
stratification of the water column. Some blue-green algal blooms have been recorded however,
including Nodularia (July 1965, following bushfires and heavy rains), Microcystis (March 1971), and
Nodularia and diatoms (May 1971) (Stephens et al, 2004).
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Blooms of blue-green algae may be toxic to people, animals and fish, affect dissolved oxygen
concentrations, and have detrimental effect on environmental, recreational and production values.
Phosphorus and Chlorophyll-a (Chl-a) concentrations are the water quality indicators of most interest
for monitoring the risk of blooms of blue-green algae such as Nodularia (DELWP, 2017).
Both the total concentration and relative abundance of nutrients (especially carbon, nitrogen and
phosphorus) are important to algal growth. Different types of micro-algae flourish in different
conditions. As an example, at high N:P ratios green algae may thrive, while blue-green algae prosper
in lower N:P conditions, outcompeting through their ability to fix nitrogen (Day et al., 2011).
Carbon, nitrogen and phosphorus tend occur in a similar ratio in phytoplankton - C 106, N 16 and P 1
- termed the Redfield Ratio after the discoverer of the relationship. The ratio is regarded as optimal
for algal growth, subject to environmental factors (e.g. light, temperature, and salinity), being
favourable (Smith et al, 2017).
The majority of nutrient inputs to the lakes are delivered by floods. Particulate nitrogen and
phosphorus (60 and 80% of the loads respectively between 2005 and 2011) largely influence the
water quality of the lakes (Zhu et al, 2017). Dissolved Reactive P is mainly in the form of
orthophosphate, with some organic phosphate. It is readily taken up by algae and sediment
adsorbtion. Particulate P is adsorbed or contained within soil particles. It takes time for enzymes or
physio-chemical processes to release it (McDowell et al., 2011).
Lake Wellington is a partial sink. It traps some sediment and nutrients, but others move through the
McLennan Straits to Lake Victoria and Lake King. Modelling of the Lakes indicates that up to 70% of
catchment nutrient inputs could be retained in Lake Wellington for a year after a high flow event. The
percentage of nutrients retained would be expected to be higher in low-flow years (DELWP, 2017) –
though the load may be less.
The shallow, turbulent nature of Lake Wellington results in only about 14% of incoming phosphorus
being trapped in sediments, with the rest exported (EPA, 2015). This is typical of shallow lakes where
stratification is rare, with any phosphorus released from sediments being likely to be flushed from
the system (Sharpley et al, 2013). As nutrient rich waters from Lake Wellington enter the more saline
Lake Victoria flocculation occurs, and phosphorus is deposited in the sediments (EPA, 2015).
Dissolved Inorganic Nitrogen can flow through the Lakes, unless converted to Particulate Organic
Nitrogen by photosynthetic plankton (phytoplankton), quickly enough to prevent it being flushed
out. Particulate nitrogen can settle to the bottom of the Lakes and have a longer residence time (Zhu
et al, 2017).
In the long term, all the nitrogen that comes into the Lakes will be removed, either by flushing to the
ocean or because it is lost as a gas following denitrification, or through burial. The concentration of
nitrogen in the water of the Lakes depends on the relative rates of inflow and loss. If there is a large
pulse of nitrogen, as occurred in 2007 (following bushfires in the catchment), the nitrogen
concentration of lake water will temporarily increase until the processes that remove nitrogen can
catch up (Ladson, 2012).
Residence times in the Lakes vary from a few days during floods to ‘almost infinity’ during droughts
(Harris et al, 1998). In general, residence times for water are from 85 – 120 days, while it may be
many years for nutrients. The Lakes are therefore always still responding to the last big nutrient
inflow when the next one arrives.
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Some catchments are more sensitive to nutrient pollution than others, and some are more sensitive
to phosphorus, while others are affected more by nitrogen (Monaghan et al., 2007). Phosphorus
levels in the Gippsland lakes are a key cause of blue-green algae blooms, but studies in the more
saline Lake King suggest that blooms of cyanobacteria (blue-green algae) are primed by increased
nitrogen loads; which drive an increased release of P from anoxic and hypoxic (having low
concentrations of dissolved oxygen) bottom water (DELWP, 2017). Both phosphorus and nitrogen can
influence the biota of the Gippsland Lakes.
Phosphorus in sediments is generally in equilibrium with the water column above (Day et al., 2011).
Dissolved phosphorus will be released from sediments if there is marked decrease in dissolved P in
the water column – such as may occur from an inflow of low P water (Sharpley et al., 2013). Anoxic
(depleted oxygen) conditions in sediments are associated with the release of P (Turral et al., 2017).
The release of P from sediments in anoxic conditions is due to the reductive dissolution of iron
oxyhydroxides (Sharpley et al., 2013).
It has been suggested that sediments in Lake Wellington have been releasing phosphorus since
macrophytes were replaced by phytoplankton in the late 1960s, and that it would take eight years for
stores to be depleted if all inputs stopped (EPA, 2015).
A common scenario for algal blooms in the Gippsland lakes is:
• In autumn, concentrations of bio-available nitrogen and phosphorus are relatively low, as are
fluxes of nutrients from the sediments. The ratio of bio-available N:P is around or above 16:1,
and algal populations are low.
• Floods dramatically increase nitrogen concentrations, lifting N:P ratios above 40:1. Surface
waters are fresh and temperatures are low to mild. In these conditions, non-nitrogen-fixing algae
(dinoflagellates and diatoms) bloom, using up the available nitrogen before dying out.
• Decaying algae settle on the sediments and are consumed by bacteria, whose respiration uses up
the available oxygen, causing the release of phosphorus and nitrogen (significant amounts of
which are lost as gas, through denitrification). As phosphorus is released from the sediments in
stratified waters with low oxygen levels, the ratio of bio-available N:P drops to around six in the
bottom waters.
• As summer approaches and water temperatures rise, the nutrient scene (low nitrogen levels in
surface waters and high phosphorus levels in bottom waters) favours a bloom of nitrogen-fixing
blue-green algae, usually Nodularia spumigena. Mixing of the water and nutrients by strong
winds may trigger a bloom, providing water salinities are suitable (Day et al., 2011).
The above is a ‘typical’ algal bloom scenario in the Gippsland lakes – although other scenarios do
occur. Blooms of blue-green algae (cyanobacteria) can occur without a preceding bloom of green
algae, and not every green algal bloom is followed by a blue-green bloom.
A 3-D hydrodynamic biological/ecological model has been developed and calibrated to study the
dynamics of algal blooms in the Gippsland Lakes. Zhu et al (2017) report the modelling for Lake King
indicates the release of phosphorus from sediments was related to the severity and duration of
oxygen depletion in bottom waters – which was driven by primary production (algae) in the Lake;
which was fuelled by nitrogen inflows in winter and spring. Phosphorus released from sediments was
the primary source of phosphorus triggering blooms of blue-green algae. Highlighting the
importance of nitrogen to the chain of events, the model showed the release of phosphorus from
sediments was more sensitive to Total Nitrogen loads than to Total Phosphorus loads, until the P
loads were reduced by more than 80%.
More specific findings from the modelling include:
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High carbon delivery to the sediment in winter and spring due to floods and green algae blooms
(diatoms and dinoflagellates) can cause depleted bottom-water oxygen in summer, which in turn
can lead to large releases of phosphorus from the sediment.
Large freshwater inflows can supress grazing activities which will also contribute to post-flood
diatom /dinoflagellate blooms.
Temperature and salinity are the primary factors that initialise Nodularia blooms in the
Gippsland Lakes.
Phosphorus controls the duration, size and severity of Nodularia blooms, if the temperature and
salinity are within the suitable ranges.
The primary source of nutrients that drive algal blooms in the Gippsland Lakes is the catchment.
However, a large amount of the phosphorus from the catchment has been stored in the
sediment over time and can be released to the water column under certain biogeochemical
conditions. Phosphorus released from sediments, rather than catchment load, supplies most of
the phosphorus supporting the development of recent Nodularia blooms.
Reducing the external nutrient loading may not result in improvements in water quality in the
Gippsland Lakes in the short term, because:
• The reduced external nitrogen and phosphorus loads may cause nitrogen limitation for nondiazotrophic (i.e. non-nitrogen fixing) phytoplankton, and
• The high internal phosphorus loading may promote the growth of N-fixing cyanobacteria.
The focus of Nodularia bloom prevention must be on phosphorus reduction, which includes both
catchment input and sediment supply. It may take 5 to 10 years’ of continuous catchment
phosphorus reduction for the effects to become obvious in the Gippsland Lakes as the sediment
stores of phosphorus become depleted (DELWP, 2017).

Boon et al (2015) report studies suggesting that recycling of phosphorus in the lakes is fifteen times
the loads from catchments. Zhu et al (2017) concluded that the majority of phosphorus fluxes in Lake
King were from desorption processes under hypoxic and/or anoxic conditions.
Ladson (2012) concluded that the importance of nitrogen required reassessment, following research
showing high nitrogen loads in winter and spring, especially large loads in wet years) may facilitate
phosphorus release from sediments - and thus prime the Lakes for a blue-green algal bloom in the
following summer. It was also noted that while nitrogen inputs during winter may promote Nodularia
blooms, inputs in summer tend to suppress them (Ladson, 2012).
In summary, phosphorus controls the duration of blue-green algal blooms, and most of it is from lake
sediments – of which there are large stores. However, nitrogen initiates the conditions fostering the
release of phosphorus from the sediments. Reducing the nitrogen and phosphorus loads entering
Lake Wellington must occur to reduce the further accumulation of phosphorus and the frequency of
blue-green algal blooms in the deeper lakes. However, as noted by DELWP (2017) a lag in ecological
response is likely.
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3 Causes
In this section:
3.1 Loads
Catchments
Landscapes
3.2 Concentrations
Data
Effect of scale
3.3 Implications
Impacts
Mitigating losses

3.1

Loads

Catchments
Loads of sediment and nutrients to Lake Wellington are highly variable between years, and difficult
to measure due to the nature and number of inflowing sources.
Monitoring of total phosphorus (TP) inputs to Lake Wellington for the years 2012 to 2015, show total
annual loads to be around 100 tP/yr; with about 45 tP/yr from the Macalister Irrigation District
(MID), and 40 tP/yr from the Latrobe River. In that period, the Macalister Irrigation District has
contributed between 24% to 55% of annual TP inputs, and the Latrobe River from 33% to 53%
(DELWP, 2017).
Table 1 Sources of TP inputs to Lake Wellington; DELWP, 2017

Calendar Year
2012
2013
2014
2015
2016 (part)
Ave (2012 – 15)

Annual TP Loads (Tonnes) to Lake Wellington (% of total)
MID
Latrobe R
Other
Total
77 (55%)
59 (42%)
4 (3%)
140
46 (43%)
38 (37%)
20 (19%)
104
17 (24%)
37 (53%)
15 (22%)
69
45 (48%)
32 (35%)
15 (16%)
91
21 (25%)
28 (33%)
34 (41%)
82
46 (46%)
42 (42%)
13 (13%)
101
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Figure 2 Total P load to Lake Wellington (t/yr) (data from DELWP, 2017)

In the longer period, 2000/01 – 2015/16, P exports from the MID have averaged 50 tonnes per year.
There appears to be an influence from rainfall on loads, with exports generally higher in wet years
and lower in dry periods (Fitzpatrick et al., 2017). Nutrient loads to a water body are a factor of
nutrient concentration and the volume of flow. The variability in annual flows to the Gippsland Lakes,
due to variable rainfall, means that loads will also vary.
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Figure 3 Annual Rainfall & P Loads from the MID (Tonnes/yr); Fitzpatrick et al., 2017

Data from the last few years on the above graph pose the question of whether loads per given
amount of rainfall have decreased. Plotting estimated data from that graph shows a trend of reduced
P export per mm of annual rainfall. Analysis of the original data would be needed to confirm the
apparent trend. An additional insight may be gained from viewing the annual P load as a factor of
both rainfall and applied irrigation water.
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Figure 4 Estimated annual P load/mm of rainfall from the MID (total tP / mm / yr); data interpreted from Fitzpatrick,
2017

The P concentration of MID drains is 10 – 100 times greater than that of local rivers (Turral et al.,
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2017).
In other work, it has been deduced that drains from the Macalister Irrigation District pick up around
86-158 tonnes of P per year (coming from dairy waste discharge – 15-20% - and runoff from
irrigation and rainfall). Around 5-35% of that load may be absorbed by sediments in the drains,
meaning that from 79 to 97 tonnes of P are exported per year. However, it has been observed that
drain sediments now have a low capacity to absorb nutrients, suggesting they are near saturation
(WGCMA, 2008). If the drains can no longer take up nutrients then, all other factors remaining static,
increased loads of exported P would be expected. There is also the risk that the stored phosphorus
could be remobilised during heavy rainfall events, and transported to Lake Wellington.
It was estimated in 2002 that irrigated areas in and around the Macalister Irrigation District (MID)
contributed 15% of the total P load to the Gippsland Lakes, although only accounting for 3% of the
catchment area (WGCMA, 2008). Modelling of the MID in 2002, down to the local drain scale,
estimated annual average loads and flows from the district’s drains as a flow of 84,608 ML/yr, and
exports of 53.7 TonneP/yr and 137.2 TonneN/yr (SKM, 2002).
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Table 2 Estimated drain catchment contributions to average annual overall MID drain flow and loads based on model
simulations; SKM, 2002 (Table 6-1)

Other estimates of phosphorus export from the MID have been made by extrapolating drain
monitoring data, suggesting annual phosphorus loads of from 21 to 89 tonnes. The estimates and
corresponding rainfall are presented below (WGCMA, 2008).
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Figure 5 Annual Rainfall & P Loads from the MID, extrapolated from SRW drain monitoring data; WGCMA, 2008

For the year 2006-07, the EPA has estimated the total load of phosphorus in the Thomson-Macalister
and Avon catchments, including Central Gippsland Drain 4 and the Lake Wellington Main Drain, was
around 80 tonnes; 39 tonnes from the Thomson-Macalister and 38 from the Avon (EPA, 2009).
Annual nitrogen loads to Lake Wellington are also highly variable, in line with variable inflows, with
estimated average annual loads ranging from 1,770 to 2,800 tonnes N / year (Ladson, 2012).
Table 3 Average annual nitrogen load; Ladson, 2012 (Table 1)

However, following analysis of loads and inflows it was concluded that, once the effect of variable
flow was removed, there had been no change in nitrogen loads to the Gippsland Lakes in the period
1978 – 2010; although bio-available forms may be more prevalent, due to changes in landuse
(Ladson, 2012).
Estimated loads of total suspended solids (TSS) to Lake Wellington are around 165,000 tonnes per
year, whereas Lake King and Lake Victoria receive 45,000 and 8,500 tonnes per year respectively
(Zavadil, 2017). These figures compare well with an estimate, based on sediment cores, by Hancock
et al (2006) of 170,000 t/yr (+/- 22,000) – based on a current accretion rate of 0.23 cm/yr, which
equates to 1.05 kg/m2/yr. The sediment cores showed more sand in recent times, indicating a change
in sediment source or increased stream velocity over the last 50-70 years (Hancock et al, 2006).
Compared to pre-European conditions, current riverine inputs are three times higher for total
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phosphorus, two times higher for suspended sediments, and 1.5 times higher for total nitrogen
(Grayson 2006, cited in EPA, 2015).
The EPA (2015) reported that Grayson and colleagues (2001) estimated the Western Rivers (those
flowing into Lake Wellington), to contribute on average about:
•
•
•
•

58 per cent of the total freshwater flow to the Gippsland Lakes system,
76 per cent of the suspended solids load,
73 per cent of the phosphorus load, and
69 per cent of the nitrogen load.

Landscapes
Catchment contributions of nutrients and sediments to the Gippsland Lakes have been modelled
using SedNet and the ANNEX module, as reported by Grayson (2006) and Hancock et al (2007).
Summarised data from Grayson for the catchments entering Lake Wellington is presented below, and
in Appendix 1. The Grayson modelling incorporated direct measures of nutrient runoff from the
Macalister Irrigation District (Ladson, 2012).

Figure 6 Catchments used in this report, based on the SedNet/Annex modelling; Grayson, 2006 (note that the
Thomson/Macalister was further divided into upper and lower catchments, separated by the major dams)
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Table 4 Catchment groupings referred to in Figure 6 and corresponding Grayson (2006) subcatchments

Grouping
Western Latrobe
Lower Latrobe
Upper Thomson / Macalister
Lower Thomson / Macalister
Avon / Perry

Grayson subcatchments
Upper Latrobe, Tanjil, Latrobe tributaries Moe & Morewell
Lower Latrobe & Traralgon Ck
Upper Thomson & Upper Macalister
Lower Thomson/Macalister
Avon / Perry

Table 5 Annual N, P and TSS contributions from Lake Wellington catchments; Grayson, 2006

Grayson, 2006
Western Latrobe
Lower Latrobe
Upper Thomson / Macalister
Lower Thomson / Macalister
Avon / Perry
TOTAL

Area Km2
2,562
2,101
2,208
1,311
2,089
10,271

TSS T/yr
41,547
59,480
3,752
39,855
9,871
154,505

TP T/yr
67
70
2
45
20
204

TN t/yr
406
267
245
249
128
1,295

Figure 7 Annual N, P and TSS contributions from Lake Wellington catchments; from Grayson, 2006

Points of interest from the above include:
•
•

The Lower Latrobe produces the highest total load of sediment and is a close second, behind the
Thomson / Macalister, for load per hectare. Much of the sediment is from isolated areas of bank
erosion (Ladson, 2012).
The Western Latrobe catchments contribute a large component of the phosphorus load (largest
in terms of actual load, and second in terms of load/ha).
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The Lower Thomson / Macalister, which includes much of the Macalister Irrigation District (MID),
exports the highest loads of N and P per hectare.

The appended graphed data, indicates that:
•

•

•

Sediments:
• The bulk of sediments come from gullies and stream banks.
• Grazed lands in the Latrobe catchment produce the highest loads and rates of loss, although
the irrigated areas of the Lower Thomson / Macalister are also significant – with the second
highest rate of export.
Phosphorus:
• Hillslopes are the major source of phosphorus, especially the Latrobe catchments and, in
terms of rates of loss, the irrigated areas of the Lower Thomson / Macalister (i.e. the MID).
• Grazed lands in the Latrobe catchments and irrigated lands in the Lower Latrobe and Lower
Thomson / Macalister are the source of the biggest loads of P and highest rates of loss.
Nitrogen:
• Most nitrogen comes from hillslopes, i.e. in dissolved form. The Western Latrobe is the
biggest source.
• Forests in the Western Latrobe and Upper Thomson / Macalister are the major sources of
nitrogen, followed by grazing in the Western Latrobe. Ladson (2012) noted that much of the
nitrogen to the Gippsland Lakes is from high rainfall forests, and this natural export is likely to
be associated with humic material, which has low bio-availability.
• The rate of nitrogen export from the Lower Thomson / Macalister is close to that from the
above mentioned forests.

Analysis of model outputs (e.g. rates/ha) reflect the assumptions in the model, but are still insightful
as there are usually several variables at work. Another key variable is rainfall or run-off. It would be
interesting to see some analysis of load/mm rainfall for different catchments and landuses.As
illustrated below, SedNet is a sediment budgeting model consisting of sources and sinks (Wilkinson,
2008). The sources are hillslope erosion (applying the Revised Universal Soil Loss Equation and a
hillslope sediment delivery ratio), gully erosion, and riverbank erosion (proportional to stream power,
reduced by 90-95% in areas of intact riparian vegetation). Sinks are the deposition of suspended
sediment on floodplains and in reservoirs, or the loss of nutrients in reservoirs and in streams. Rivers
are assigned a ‘River Delivery Ratio’ reflecting the sinks pertinent to each (Hancock et al., 2007).

Figure 8 Sources and sinks used in SedNet; Wilkinson, 2008

Hancock et al., (2007) used SedNet and ANNEX, with soil and sediment sampling, and isotopic tracers
Page 19 of 80

Lake Wellington Science Review – February 2018

P R Day

to model the delivery of sediments and nutrients for river stretches and their sub-catchments
(termed ‘links’), leading into the Gippsland Lakes. The SedNet modelling assumed 50% of sediments
from gully and riverbank erosion to be fine (suspended) sediment, while for hillslope erosion it was
assumed to be 100% fine sediment (<63um) – as only 5-10% of the eroded sediment from hillslopes
reaches streams and it will be the fine sediments that do. In their ANNEX modelling, suspended
nutrient loads were determined assuming a concentration per sediment load, and additional
dissolved loads were determined as a product of a set run-off concentration per landuse and mean
annual runoff.
As Grayson (2006) notes, in this modelling context, the term ‘dissolved’ refers to the generation of
the nutrient, not its specific form – which may have changed. Dissolved P can rapidly be adsorped,
becoming particulate P, in turbid waters; which may help explain why some paddock and farm scale
studies show higher values for soluble nutrients compared to instream monitoring.
Hancock et al., (2007) concluded from the modelling that:
•
•

•
•

River bank erosion contributes the majority of fine sediment entering the lakes – 84% in the case
of the western catchments (those entering Lake Wellington). Hillslope erosion is a distant second
in importance, followed by gully and tunnel erosion.
Eroding channel banks in the Thompson and Macalister Rivers, and the Latrobe River below Lake
Yallourn, are the major sources of sediment in the west. The majority of bank erosion comes
from active ‘non-vegetated’ banks. Considering all catchments, 75% of river bank contributions
come from just 17% of the area.
For phosphorus, approximately 34% of catchment-derived phosphorus is delivered in the
dissolved form, with the remainder from particulate-bound P sources, including a predicted 44%
from river bank sediment, 15% from hillslope soil, and 3% from gully/tunnel erosion.
For nitrogen, the predicted contributors are dissolved runoff (59%), hillslope erosion (24%), river
bank erosion (15%), and gully and tunnel erosion (2%). The same trends were reported by
Grayson (2006) with hillslope and dissolved sources providing 80-90% of nitrogen.

Sediment data from Hancock (2007), summarised into main sub-catchments, is presented below.
Table 6 Catchment fine sediment contributions to the Gippsland Lakes revised using tracer data and bank erosion
estimates to revise model parameters. Changed contributions are labelled a, b, c; Hancock et al., 2007 (Table 13)

Hancock et al (2007) compared the predictions of their model with sediment cores, and model
outputs previously presented by Grayson et al (2001) which incorporated water quality data, noting.
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Sediment cores in Lake Wellington indicate sediment loads to the lake of 110-190 kt/yr.
Grayson et al predicted loads of approximately 160 kt/yr.
SedNet predicted sediment loads of 117 kt/yr from the western rivers.

It was concluded that SedNet modelling appeared to under-predict bank erosion in the lower Latrobe
and Avon catchments. In a further check of model predictions, SedNet was run for an assumed preEuropean catchment resulting in a predicted sediment load of 12 kt/yr. That result compared
favourably with estimates of 15-19kt/yr based on sediment core samples.
Table 7 Catchment contributions of phosphorus and nitrogen to the Gippsland Lakes; Hancock et al., 2007 (Table 15)

When comparing their SedNet predictions with those of Grayson et al., differences were noted for
the Mitchell and Thomson Rivers. The total P yield from the Macalister Irrigation District (MID) has
been previously estimated using data from irrigation drains at 55 tP/yr. SedNet predicted only 25
tP/yr. It was concluded that modelled nutrient fluxes from the MID (especially for phosphorus), were
erroneous (Hancock et al., 2007).
Maps in the report represent dissolved phosphorus losses in natural runoff, but not runoff from
irrigated pastures, as only rainfall is considered. The focus of this work was sediment and attached
nutrients. The assessment of dissolved nutrient sources was not intended to be definitive, although
contributions of dissolved nutrients from sewage treatment plants were included. Runoff from
irrigation drains was not considered separately (Hancock et al., 2007).
Modelling by Zhu et al., (2017) indicated that 60% of the nitrogen reaching the Gippsland Lakes was
particulate.
SedNet predictions of dissolved nutrient losses are a factor of the typical nutrient concentration in
runoff per land use, the area of land use, and the mean annual volume of runoff. The runoff
concentrations used by Hancock et al., (2007) are shown in the following table.

Page 21 of 80

Lake Wellington Science Review – February 2018

P R Day

Table 8 Concentrations of dissolved nutrients in surface runoff; Hancock et al., 2007 (Table 4)

Vigiak et al, (2016) used a model of the Latrobe catchment, calibrated with data from ten monitoring
stations, to compare ‘normal seasons’ (1990 – 1996) with ‘drought’ conditions (1997 – 2005). It
showed a large reduction in average annual sediment losses during drought and a shift in sediment
source from predominantly hillslope in normal seasons to streambanks in drought.
Table 9 Modelled sediment yields, Latrobe Catchment; Vigiak et al., 2016

Period
1990-1996
1997-2005

Sediment yield
(kt/yr)
68
13

%
60
27

Hillslope
kt/yr
40.8
3.5

%
40
65

Streambank
kt/yr
27.2
8.5

No references have been reviewed that discuss the consequences of changes in stream velocity to
the rates of streambank erosion in Lake Wellington catchments.

3.2

Concentrations

Data
The surface-water phosphate and Chlorophyll-a (Chl-a) concentrations in the Gippsland Lakes were
relatively low between 2000 and 2006, a period of dry years. In Lake Wellington, the median
concentrations were 0.00597 mg/L for phosphate and 0.00974 mg/L Chl-a. The Chl-a concentration
was very close to the target for an annual median Chl-a concentration of less than 0.008 mg Chl-a/L.
Since 2007 the median concentrations for phosphate and Chl-a increased dramatically to 22.96 ml/L
of P and 0.02376 mg/L of Chl-a; due mainly to the 2006/2007 bush fires and the increase in river
flows associated with the 2007 flood (DELWP, 2017). Climate and episodic events will affect nutrient
levels in the Lakes, and lie behind the variability in annual data.
Ladson (2012) has illustrated the variability in concentrations with records showing a peak in
nitrogen concentrations associated with floods in 2007.
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Figure 9 Observed total nitrogen concentration at EPA monitoring stations. The ANZECC trigger level of 300 (µg N L-1) is
shown (ANZECC, 2000); Ladson, 2012 (Figure 39)

Effect of Scale
Catchment and runoff research has been conducted at scales ranging from the laboratory, soil
profile, field plot, and paddock or irrigation bay, to watershed. Runoff concentrations observed at
one scale may not carry through to a different scale. Any relationship between scale and
concentrations will have ramifications for monitoring programs and the analysis of water quality.
At a farm scale, nutrient losses may be less (or more) than expected from loss rates observed at a
plot or paddock scale (Rivers & Dougherty, 2009). Reductions can occur on-farm due to nutrient
assimilation, capture (e.g. in farm or re-use dams), conversion to less mobile forms, or consumption
(e.g. by algae). Increases may occur when multiple sources come into play; such as ‘hotspots’ like
areas of ineffective effluent application, drainage outlets, or erosive gullies.
After reviewing several studies, Rivers & Dougherty (2009) concluded that there is no consistent
relationship between the size of runoff generating areas and nutrient concentrations. Examples of
the varied relationships discovered follow.
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•

Barlow, Nash and Grayson (2007) measured water and phosphorus loss at paddock, farm-section
and whole-farm scales on a research farm in south-eastern Australia and found that the
relationship between phosphorus export at these scales and for an irrigated dairy farm was poor
(Rivers & Dougherty, 2009).
• A comparison of water quality with stream order for the Oyster Harbour catchment in WA by
Weaver, Reed and Grant (2001) found a significant relationship between the two parameters.
Phosphorus concentrations decreased with increasing stream order (catchment size) (Rivers &
Dougherty, 2009).
• Cornish, Hallissey and Hollinger (2002) studied runoff water from a dairy in NSW and found no
significant difference between water quality measured at the whole farm (120ha) scale and that
measured at the 4ha scale. Smaller scale measurements using a hand-held rainfall simulator also
gave a similar result (Rivers & Dougherty, 2009).
An early paper by Prairie and Kalff (1986) examined the relationship between catchment size and
phosphorus export. They found an assumption that there was a linear relationship between
phosphorus export and catchment area was invalid for some cases, but valid in some instances, and
in others they were related, but via a more complicated relationship. In general, they found that in
agriculturally-dominated catchments, TP export varies as the 0.77 power of basin area. P delivery per
unit area decreases with catchment size.
In a recent review of land use runoff data by Bartley et al (2010) it was found there wasn’t a
statistical difference between the median TSS concentration values at different spatial scales.
However, the results differed for the nutrient data which showed that plot scale concentrations were
higher than concentrations derived from catchment studies. However, these results were
confounded by the proportion of land use represented in each of the size classes; e.g. stream nitrate
concentrations have been found to be directly related to the proportion of land use upstream that
used fertiliser. The results appeared to be independent of catchment size and suggest that the
proportion of land use upstream of the sampling point that uses fertiliser is more important than the
size of the contributing area upstream.
The results suggest that unless catchments have 90% or more of a given land use, a monitoring site’s
water quality signal is potentially contaminated or influenced by other land uses (Bartley et al.,
2010).
Water quality data for the Latrobe River shows increased nutrient concentrations along the course of
the river (EPA, 2015).

Figure 10 Water quality for sites on the Latrobe River in 1998 (EPA Victoria 2002b); EPA, 2015

Page 24 of 80

Lake Wellington Science Review – February 2018

3.3

P R Day

Implications

Impacts
Any increases in catchment nutrient load will further reduce water quality in the Gippsland Lakes,
increase the accumulation of phosphorus in sediments, and increase the severity of Nodularia
blooms in the longer term (DELWP, 2017).
Ladson (2012) reported an annual average load to the Lakes calculated as a load per hectare of lake
surface, and compared it with similar data from international studies. Based on load/hectare of lake
surface, the Gippsland Lakes were mid-ranked in terms of nitrogen loading; and rated as moderate
for risk of estuarine degradation (i.e. within the range of 20-100 kg/ha/yr).

Figure 11 Comparison of nitrogen loads to the Gippsland Lakes with values from the literature (Scanes et al., 1998,
Bowen et al. 2007); Ladson, 2012 (Figure 4)

The rate of primary production in the Lakes varies proportionally with catchment nutrient loads, both
in space and time. A reduction in catchment inorganic nutrient by 30% for the western rivers and
20% for the eastern rivers would be expected to result in a 15% decrease in the total primary
production rate. The sediment process rates also vary proportionally to changes in catchment
nutrient loads (EPA - WQSCR).
The minimum dissolved oxygen (DO) concentration target (6 mg/L) has been achieved for Lake
Wellington, and the 115 tonnesP/yr target has been regularly achieved (EPA - WQSR). However,
EPA’s analysis of data since the mid-1990s indicates that the Chl-a objective of 0.008 mg/L for Lake
Wellington is not likely to be achieved with Total Phosphorus loads of 115 tonnes per year. Chl-a
levels at the upper range 0.012 mg/L were more likely. This is mainly due to sediment stores of P
providing large quantities of bioavailable phosphorus to support the growth of phytoplankton
(DELWP, 2017).
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Modelling results indicate that a further reduction of TP loads from 115 tonnes per year to 100
tonnes per year to Lake Wellington could achieve a median concentration of Chl-a of around 0.010
mg/L, equal to the mid-point of the range for mesotrophic waterbodies (i.e. having medium levels of
nutrients and total productivity) (DELWP, 2017).
According to Cook et al., an annual total phosphorus loading of 100 tonnes to the Lakes is the
practical threshold for Nodularia blooms. No blooms have been observed below that level (Day et al.,
2011).
With continuous nutrient reduction, phosphorus stored in the sediment may precipitate in stable
minerals and be buried in the deeper sediment. Decreased sediment phosphorus flux can eventually
prevent Nodularia blooms in the Gippsland Lakes (DELWP, 2017).

Mitigating Losses
When assessing options for the Gippsland Lakes, Ladson (2012) concluded that mitigating nitrogen
loads in wet years is likely to be challenging but it is important, especially for loads of bioavailable
material. A preliminary assessment based on model outputs suggested it may be feasible to reduce
nitrogen loads by 25% as follows.
•
•
•
•
•

Hillslope. A 25% reduction in hillslope sourced nitrogen would reduce loads by 290 t or 11.7%.
Bank erosion. A 25% reduction in nitrogen derived from bank erosion would decrease total loads
to the Lakes by 180 t or 7.4%.
Gully erosion. A 25% reduction in gully erosion would reduce loads to the Lakes by 26 t or 1%.
Point sources. A 50% reduction in point sources would reduce loads to the Lakes by 44 t or 1.7%.
Irrigation related sources. Irrigation provides about 7% of the total nitrogen load to the Lakes. A
reduction of nitrogen loads from irrigated areas by 40% would reduce overall loads to the Lakes
by about 60 t or 3%.

It was concluded that emphasis should be on reducing erosion sources, because they are likely to be
significant contributors in wet years. Velocity is a factor in the erosive power of flowing water.
Reducing N loads by 25%, as described above, will not eliminate algal blooms but will likely reduce
their frequency (Ladson, 2012).
Irrigated agriculture has a much higher discharge of nutrients per unit area than dryland agriculture
so there are greater gains to be made from focusing efforts on reducing nutrients from irrigated
agriculture (Fitzpatrick et al., 2017).

Page 26 of 80

Lake Wellington Science Review – February 2018

P R Day

4 Transport
In this section:
4.1 Routes
4.2 Forms
4.3 Mobilisation
Source influences
Pathways
Incidental and landscape risks
Erosion
4.4 Connectivity
Dams, Lakes & Wetlands
Drains
Riparian Buffers
4.5 Instream

4.1

Routes

In agricultural systems contaminants are usually mobilised by detachment or dissolution.
Detachment is the separation of fine particles and associated pollutants from soil by physical
processes (such as flowing water or cultivation), or physio-chemical processes (such as slaking and
dispersion). Dissolution (conversion into a solute) results in small particles in solution – with
‘dissolved’ generally defined as able to pass through a 0.45um filter. Dissolution is affected by the
solubility of the pollutant, its sorption characteristics, and the prevalence of any substances able to
block sorption sites (Nash et al, 2002).
The main transport routes for mobilised nutrients entering waterways from agricultural landscapes
are via surface run-off or through the soil as relatively shallow, sub-surface flow or deep drainage
(Melland et al., 2007). Sub-surface flows can be further categorised as interflow (water moving just
below the soil surface), matrix flow (water moving slowly through the soil), and macro-pore or bypass flow (water moving quickly through holes, cracks or tunnels - sometimes termed preferential
flow) (Nash, 2013).
The routes taken by nutrients vary with the nutrient, the form it is in, and characteristics of the soil
and local hydrology. However, in general terms, whenever water moves over or through soils, so to
will nutrients.
Sharpley et al, (2013) stress the importance of time when considering transport, especially for
phosphorus as it can accumulate in the landscape and be recycled in the environment. The journey
from paddock to lake may take years and be associated with many transformations along the way.
The term ‘legacy P’ is used to describe sequential accumulation and later remobilisation or recycling
along the journey.

4.2

Forms

In Australian dairy landscapes phosphorus (P) is lost mainly in surface water, although leaching to
local or regional groundwater occurs in sandy soils (Rivers & Dougherty, 2009). It is usually in
dissolved form (McDowell & Nash, 2011).
Phosphorus occurs in either of two forms: as dissolved (soluble) or particulate (attached to matter)
phosphorus. Both forms of P may convert to the other, and be present in organic or inorganic states;
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though organic P is not well understood.
•

•

Dissolved P is usually present as ions of orthophosphate (PO4---), which are readily taken up by
plants or algae and incorporated into organic compounds within cells. It is often referred to as
Dissolved Reactive Phosphorus or DRP. Phosphate ions may bond with iron or aluminium in
acidic environments or with calcium or magnesium in alkaline situations, becoming particulate
phosphorus.
Particulate phosphorus (PP) may be present in organic or inorganic forms. The microbial
decomposition of organic compounds can convert organic particulate P to dissolved P, while
chemical reactions can convert P in soil particles to dissolved P. Orthophosphates can attach to
the outer layer of soil particles (termed adsorption or sorption), or subsequently become
incorporated within the particle (termed absorption or fixation) (Nash, 2012). Fixed
orthophosphates are not available to plants, but they can be released over time.

The understanding of organic phosphorus sources is limited, although it is known that the relative
contribution of inorganic and organic phosphorus varies. As an example, from field trials at a variety
of scales in the UK, Stutter, Langan and Cooper (2008) showed that organic phosphorus was the
dominant form of P lost in surface waters in their study (Rivers & Dougherty, 2009).
The ability of a soil to sorb or ‘fix’ P is referred to as its buffering capacity – the more P a soil ‘locks
up’ the higher is its buffering capacity. Olsen P tests record the amount of P in a soil and estimate the
amount of phosphorus available to plants in a growing season. If Olsen P levels are very high (above
35 mg/kg) then additional P fertiliser is unlikely to be needed for pasture growth (Nash, 2012).
Nitrogen (N) also occurs in several forms. In regard to water-borne movement the main forms are:
•
•
•
•
•

Nitrate (NO3-),
Nitrite (NO2-)
Ammonia (NH3),
Ammonium (NH4), and
Urea ((NH2)2 CO).

Ammonium or soluble nitrates may be taken up by plants or algae and incorporated into organic
compounds. Urea is applied as a fertiliser because it breaks down to ammonia, which converts to
ammonium in reaction with water. Through processes known as mineralisation and nitrification,
organic forms of nitrogen may be broken down by fungi and microbes to produce ammonium, then
nitrites and nitrates. Dissolved nitrates are readily lost in water (e.g. leaching through the soil
profile), and ammonium may be lost in erosion (absorbed to soil particles).
Nitrogen may also be lost from systems via conversion to gaseous forms. Denitrification is the
conversion of nitrates to oxidised forms, such as nitrous oxide (N2O), often from saturated, anaerobic
soils (Rivers & Dougherty, 2009), or in water bodies and their sediments (Greene, 2005).
Volatilisation refers to the conversion of ammonium to ammonia gas (NH3), often in high pH soils.
Nitrogen is not strongly buffered by soils (Gourley et al., 2012).

4.3

Mobilisation

Many factors influence P loss and concentration, including management and catchment factors – e.g.
travel time instream, rainfall history and intensity. A list of factors influencing P loss is provided by
Davis et al (1998). Factors increasing the risk of P loss include:
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Years of fertiliser application,
Fertiliser rate,
Soil fertility,
Grazing pressure (stocking rate),
Stream flow rate,
Surface run-off vs sub-surface flow,
Surface drainage,
Season (wet seasons),
Rainfall intensity, and
Intense land use.

Factors reducing the risk of P loss include:
•
•
•
•
•

Time since fertiliser application,
In-stream travel time,
Stream-bank stability and vegetation cover,
Soil P retention capacity, and
Land management – soil conservation.

Many of these factors are discussed in more detail in the following sections.

Source Influences
Nutrients may be directly available for transport or mobilised by desorption, (the release of adsorbed
(onto) or absorbed (into) compounds), dissolution (dissolving), or detachment (erosion). The amount
of nutrient transported by water (the load) is a function of concentration and the volume of flow.
For phosphorus, the concentration of leachate or surface water is proportional to P levels in the soil,
often measured as Olsen P.

Figure 12. The relationship between soil Olsen P and Total P in runoff; Dougherty, 2006

Page 29 of 80

Lake Wellington Science Review – February 2018

P R Day

Rivers and Dougherty (2009) concluded that in Australian dairy landscapes, phosphorus is
predominantly lost as dissolved and colloidal forms in surface runoff, and phosphorus levels in runoff
water are primarily related to increasing soil phosphorus test levels, and the proximity of fertilising
events to subsequent rainfall or irrigation.
P mobilisation rates from fresh cow dung are higher than from dried dung (McDowell et al., 2009).
Nutrients such as nitrogen can move deep within a soil, but phosphorus is less mobile and is more
likely to be concentrated in the top 10-15 mms – a feature termed soil nutrient stratification. Dairy
farm pastures have been reported to have P levels in the top 10 mms five times greater than at 50100 mm depth (Dougherty et al., 2006). Water in contact with top-soil can pick up more P than is
likely at depth, while water moving through the soil profile loses P as it becomes attached to soil
particles.

Pathways
Natural macro-pores or sub-surface drains can move water through soil quickly and reduce contact
with soil particles, resulting in higher concentrations of leachate than would otherwise be the case.
As a consequence, at the catchment scale, the highest P concentrations occur in overland flow,
followed by macro-pores, followed by matrix flow. It is difficult to measure the volume of sub-surface
water flows, hence the calculation of nutrient loads in sub-surface flows is problematic (Nash, 2013).
Thayalakumaran et al (2016) used combined models (DairyMOD and HowLeaky) to explore nitrogen
fluxes under different dairy farming systems, (referred to as Intensive, Moderately Intensive,
Moderately Extensive and Extensive – as described below), and across several different soil types.

Figure 13 Attributes of four dryland dairy management systems of increasing management intensity in Moe River
catchment; Thayalakumaran et al., 2016

Losses of particulate N in surface runoff were low in all situations, except for moderately draining
soils that produced up to 4.2 and 15.1 kgN/ha/yr, due to large amounts of erosion. Mean annual
leached N ranged from 0 to 312 kgN/ha, with a wide year-to-year variation. N leaching increased
with farm management intensification. A report on the work noted that intensification with
increased fertiliser, and to a lesser extent supplementary feed, led to an increase in stocking rates,
which led to the increase in N leaching (Stott et al, 2012).
The proportion of nitrogen lost via alternative pathways was different under the various farming
systems.
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Figure 14 Average annual N loads portioned into leaching (LN), dissolved N in runoff (DN), particulate N in runoff (PN),
volatilisation (Vol) and denitrification (Den) from Sys1, Sys2, Sys3 and Sys4; Stott et al., 2012

Similar modelling reported by Vigiak et al (2013) considered five farming systems:
•
•
•
•
•

S-I / Dairy Intensive (DI) – 200 kgN/ha/yr fertiliser and 1.7 tDM/cow as supplementary feed.
S-IV / Dairy Extensive (DE) – 35 kgN/ha/yr fertiliser and 1.0 tDM/cow feed.
S-A / Advanced Intensive Dairy (DA) – intensification was achieved by substituting applied
fertiliser with recycled effluent and with supplementary feeding.
Current dairying (C) - between intensive dairy (DI) and extensive dairy (DE).
Beef (B) – no fertiliser applications and minimal supplementary feed.

The study concluded that advanced intensive dairying (DA) had lower total N losses per year than
intensive dairy (DI), but they were still 40% higher than current dairying (C).

Figure 15 TN load (t/yr) estimated for different scenarios with uncertainty: Current = current conditions; DI = intensive
dairy system; DE = extensive dairy system; DA = advanced intensive dairy system; B = beef system. Boxplot indicates
median output of 500 MCS (thick line), the interquartile range (limits of box). 1.5 the interquartile range (whiskers) and
simulation outside these limits (circles); Vigiak et al., 2013 (Figure 3)

It was noted that:
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Runoff was negatively correlated to deep drainage.
N leaching was positively correlated to drainage volumes.
N leaching was negatively correlated to N loss in runoff (Vigiak et al., 2013).

Phosphorus moves in dissolved, colloidal and particulate form along surface and sub-surface
pathways (Sharpley et al, 2013). It can cascade between areas of accumulation and tends to
accumulate rapidly and flow on slowly – referred to as ‘fast in – slow out’. It can also spiral between
forms through biogeochemical cycling, such as mineral precipitation and dissolution, sorption and
desorption, organic P mineralisation, cycling through primary producers and micro-organisms, and
molecular diffusion. Once mobilised, sorption and desorption are the dominant processes.
Machar (2009) reported on several papers showing that 90% of the phosphorus exported from
vegetable properties in the Hawkesbury-Nepean catchment in NSW was in particulate form –
attached to soil particles lost via erosion. Twenty-four per cent of nitrogen was lost in the same
manner but, depending on soil type, very high levels of nitrogen were also lost via leaching to
groundwater (up to 500 kg/ha/yr of nitrogen on well-drained soils). Equivalent data has not been
found for the Gippsland region.

Incidental and Landscape Risks
Large flows of water, such as from heavy rainfall events in storms, generate high levels of nutrient
loss. At those times nutrient concentrations in run-off are often high, volumes of water are high, and
there is often a high degree of connectivity between paddocks and waterways (Adams et al., 2014).
Different loss pathways and different ratios of dissolved and particulate nutrients may come into
effect during such high flows (Adams et al., 2014). The size (intensity and duration) and frequency of
rainfall events will also influence nutrient losses (McDowell et al., 2009). The concentration and form
of nutrients in run-off may vary during an event (Rivers & Dougherty, 2009).
As an example, a northwest Tasmanian study showed rapid increases in total P concentrations in
paddock run-off as flow rates increased after rain, peaking before flow rates did. Base-flows had the
lowest P concentrations recorded (Holz, 2007). The same study showed that after grazing events,
NH4-N makes up the larger proportion of total N in run-off, but the NH4 concentrations drop quickly
and organic then N predominates. The concentration of nitrates decreased as flow increased, with
the highest concentrations recorded in base-flows.
Monitoring on a West Gippsland dairy farm showed that not only did phosphorus loss peak with
storm activity (total storm flow), but concentrations in surface runoff were also related to days since
grazing, and days since fertilising (Nash, 2013). Storms resulted in 70% of the annual P loss, but just
over half the runoff. In this study, there was little dilution effect on concentrations due to increased
water flow, indicating that P sources were not run-down in the events.
Several ‘functional stages of nutrient export’ were identified in a Tasmanian catchment with
differences in nutrient responses caused by hydrologic events: (i) a build-up of nutrients during
periods with low hydrologic activity, (ii) flushing of readily available nutrient sources at the onset of
the high flow period, followed by (iii) a switch from transport to supply limitation, (iv) the
accessibility of new nutrient sources with increasing catchment wetness and hydrologic connectivity,
and (v) high nutrient spikes occurring when new sources become available that are easily mobilised
with quickly re-established hydrologic connectivity (Bende-Michl et al., 2013).
Studies such as these indicate the role of management in nutrient losses. Some factors are ‘systemic’
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– a consequence of the farming landscape (the production system, topography, soils, rainfall etc) –
while others are driven by management decisions – such as the timing of fertiliser applications resulting in ‘incidental’ losses. In well managed, intensive dairy farming landscapes, systemic losses
are often greater than incidental losses, although incidental losses can account for 20-40% of annual
nutrient loss (Rivers & Dougherty, 2009).
Broad et al (2010) produced the following simple model to show how management practices may
influence nutrient loads derived from different landuses.

Figure 16 Simple conceptual model of the major drivers of river nutrient loads; Broad et al., 2010

The Farm Nutrient Loss Index (FNLI) considers both landscape and management features to assess
the risk of nutrient loss from grazing properties in Australia (Melland et al., 2003).
A national assessment using the FNLI framework and geographic data on physical attributes and
management practices concluded that Gippsland rates:
•
•

High in risk for N loss in deep drainage (due to surplus water, well-drained soils, and shallow
rooting pastures), and
High in risk for P loss in run-off (due to surplus water, high effluent application rates, and soil test
P results).

The N risk is due to landscape pressures; the P risk to landscape and management pressures
(Melland et al., 2017). As management improves, systematic or landscape losses become more
important than incidental losses.

Erosion
Preferential deposition occurs following erosion; the largest particles drop first. The result is that not
all eroded sediment reaches a waterway, but that which does is smaller and suspended – and usually
highest in phosphorus concentration (Davis et al., 1998).
The West Gippsland region overall is rated moderate in terms of the likelihood of gully or tunnel
erosion. At a farm or sub-catchment level, the potential for erosion must be considered when
assessing nutrient loss. As noted in the Macalister Land and Water Management Plan, a conflict can
occur between reducing water flow, erosion, and nutrient losses, and maintaining natural
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(environmental) flow regimes (WGCMA, 2008).

4.4

Connectivity

In general, the greater the hydrological connectivity between a source and a receiving environment,
the greater is the transport of nutrients and other water-borne pollutants.
At the farm scale, connectivity can be increased by features which speed-up the movement of water
from paddocks and provide more direct access to waterways; such as sub-surface and surface drains.
Features which decrease connectivity are those which slow water movement, increase infiltration in
heavy soils, or interrupt flows (such as re-use dams, farm dams or, in some instances, riparian
buffers).
In addition, features which slow the flow of water promote sedimentation and the accumulation of
phosphorus (Sharpley et al, 2013). They may be landscape features which slow the flow, or instream
features where longer retention times result in increased deposition.
A number of these measures are not as straight forward as they may first appear. A feature which
acts as a sink in one situation can become a source in another. A sink which is yet to fill reduces
connectivity and losses of nutrients, pathogens or sediments. However, once a sink is full it no longer
plays that role and may become a source of pollution.
The Latrobe River has been shortened over time by the removal of meanders, resulting in a deeper,
wider river, with higher stream power (Dickson 2017, pers. comm.). In a study of the Avon and
Mitchell Rivers, Hofman (2011) noted a high degree of interconnectivity between surface and
groundwaters, and that the rivers have ‘gaining’ and ‘losing’ sections – which may invert depending
on flow conditions.

Dams, Lakes & Wetlands
Dams, streams, lakes and wetlands can store sediments and phosphorus. P can accumulate as
particulate P in sediments, through the sorption of dissolved P onto sediments, or by the
incorporation of water-column P into plant or microbial biomass (Sharpley et al, 2013). When viewed
over time (decades or more) the storage is temporary, but can account for 10 – 80% of annual P
fluxes.
Dams for P-settling and re-use on irrigated farms have been reported to save from 48% to 98% of
losses. Sediment traps can also be effective, if cleaned regularly, with a 10% reduction in Total P
recorded. Farm dams are less reliable in rain-fed operations, and may require trade-offs with
environmental flows (McDowell et al., 2011). Other studies have indicated that dams and associated
in-farm drainage systems may reduce phosphorus and nitrogen levels by 76% and 38% respectively
(Rivers & Dougherty, 2009).
However, dams, lakes or wetlands which are full of water or are saturated with nutrients provide
examples of features commonly being a sink, becoming a source. They reduce down-catchment loads
while filling, but once full they no longer store additional loads. That can result in a sudden
downstream increase in loads, even though nothing else has changed within the catchment. If
scoured out by a breach or a flood, their stores are released into the water system.
Grayson (2006) cited work by Boon et al, which concluded natural freshwater and brackish wetlands
in Gippsland catchments offered little potential for nutrient interception, but created and
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constructed wetlands held significant potential. Modelling for created wetlands on a ‘typical’
Gippsland farm showed potential reductions of concentrations of more than 23% for nitrogen, from
37 – 70% for phosphorus and 49 – 87% for suspended solids. Constructed on-farm wetlands were
more successful in moderate rainfall zones, compared to higher and lower rainfall.
The Sale Common, Dowd Morass and Heart Morass lie near the entrance of the Latrobe River to Lake
Wellington. This review has not cited any specific reference to the roles they, or major storages in the
catchments, may play regarding nutrient transport to the Lake - apart from their consideration in
assigning River Delivery Ratios in SedNet modelling.

Drains
Drains normally pose a risk of increased nutrient loss, but not always. Farm drains are not inert
channels through which water passes; they can be sites of transformation. Dissolved P can bond with
soil particles in drains, or sediments may drop out in slow flowing sections, resulting in drains
reducing losses rather than enhancing them (Nash, 2013). Rivers & Dougherty (2009) reported that
nutrient levels dropped along farm drains in the Peel-Harvey area of WA, possibly due to dilution,
assimilation by sediment, and consumption by algae.
It is also possible that drains, especially in warmer weather, can be sites for the growth (or prolonged
life) of faecal coliform bacteria (Holz, 2007). In a Tasmanian study it was found that bacterial
concentrations in surface drains increased as flow rates increased (i.e. as run-off from paddocks
increased), and following grazing, with base-flow loads possibly influenced by direct deposition of
dung by stock. Concentrations were also higher in warmer months when conditions better suited
microbial activity.

Riparian Buffers
Grassed buffers can reduce sediment and particulate phosphorus loss in run-off by filtration,
deposition and improved infiltration. Problems which can occur include; becoming clogged with
sediment, saturation or over-flow, and being bypassed by non-sheet flow. They work best with dense
swards, e.g. tillers – but that implies the need for grazing, which may introduce nutrients adjacent, or
directly, to waterways (McDowell et al., 2011). Well managed pastures are comparable to some
aspects of grassed buffers.
Sharpley et al. (2013) concluded that buffers and wetlands can effectively retain and store
phosphorus, smoothing out the peaks of downstream delivery. However, in the longer term those
sites can become sources of legacy P with elevated soil P levels, and exporting more nutrient
annually than entered them.
Vegetated buffers have been considered as cheap and effective measures to reduce particulate
nutrient loads to waterways, but their performance can be compromised at the catchment scale, and
their removal efficiency reduced to less than 20%, by subsurface hydrological pathways,
breakthrough surface runoff, or by pass flows (Zhu et al, 2017).
Monaghan et al., (2007) noted that by-pass flows can be more than first impressions suggest, as
micro-topography channels water from paddocks to lower points of entry to waterways
(convergence) – increasing velocity and further reducing the prospect of buffering. Riparian buffers
are not designed to entrap dissolved nutrients, and most phosphorus leaves dairy paddocks in
dissolved form.
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Zhang et al (2010) modelled buffer efficiency using data from published field trials. They noted that
vegetated buffers are designed to work through filtration, deposition, adsorption and infiltration, and
concluded that buffer width explained 37, 60, 44 and 35% of the variance in removal efficiency for
sediment, pesticides, nitrogen and phosphorus respectively. Slope and buffer composition were also
important.
Model results indicated that for sediments, buffers of 20 metres (up to a 10% slope), composed of
trees or grasses, could remove almost all sediment from runoff. A 20 metre buffer could remove 91100% of nitrogen and 97-100% of phosphorus, with trees removing more N, presumably because of
their roots extracting N from sub-surface flows. Soil type was generally not significant in their
findings, apart from for phosphorus. Compaction by animals decreased buffer efficiency and sandy
soils had higher retention efficiencies than silty clay (Zhang et al, 2010).
Buffer characteristics (width, slope, composition and soil type), the pollutant in question, and the
placement of the buffer can all affect efficiency. A shallow, uniform flow is essential to maintain high
pollutant removal efficiency, but convergence is often a problem in the field – with as little as 6% of a
buffer being effectively encountered by overland flow. As convergence increases, sediment trapping
efficacy is reduced (Zhang et al, 2010).
Studies of grassed buffers immediately downstream of a tilled potato paddock in the Tarago
catchment (Hairsine, 1997) showed their sediment trapping ability to be controlled by flow velocities
in the buffer, and the cumulative mass of sediment deposited compared to the remaining capacity to
store more. Coarse sediment was trapped in the first few metres of the buffer as flow rates
decreased. It would only exit the buffer if the ‘fan’ of sedimentation extended across the buffer.
Other factors affecting buffer performance were the rate of upslope erosion, the fineness of the
sediment, and the structure and density of vegetation in the strip.
A comparison of a grassed filter strip with a near-natural riparian zone indicated similar performance
in trapping sediment and attached pollutants. The natural buffer was less effective at higher rates of
overland flow, due to higher and less uniform flow velocities within it (Hairsine, 1997).
The Tarago buffers were ‘highly effective’ in trapping phosphorus, but grassed filter strips are less
effective in this regard in weakly aggregated soils (Hairsine, 1997).
Broad et al (2010) noted the major driver of sediment and nutrient delivery to surface waters at the
catchment scale in Tasmania is intensive land use, in particular the most intensive land uses of
cropping and dairy production. They concluded that management interventions should focus on
reducing nutrient sources and transport at the landscape scale rather than solely relying on
abatement in riparian zones to impact on nutrients and sediment in surface waters. Riparian
rehabilitation does play a role, but its effects are not always immediate. They also concluded that
greater intensification of land use is likely to result in greater surface water nutrient and sediment
loads.
After reviewing Tasmanian catchment monitoring studies Broad et al (2010) concluded that available
data showed little detectable change in water quality (in terms of nutrient loads and turbidity)
following investment in rehabilitation of the riparian zone.
However, riparian zones do provide landscape connections and cover for terrestrial wildlife and
aquatic species, livestock and crop shelter, forage sources, and a source of wood. Investing in riparian
zone management to minimise direct stock access to streams, and control channelized flow or runoff
from roads and tracks, is critical to minimizing nutrients and sediment in streams (Broad et al., 2010).
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Buffers can also aid steam-bank stability.
Some trial work has added soil ameliorants such as alum and polyacrylamide to grassed buffers to
enhance their effectiveness, and ancillary sediment traps in ephemeral flowlines (and in-field) have
generated additional (5-20%) savings (McDowell et al., 2011).

4.5

Instream

In-stream processes are not in the scope of this review, but it is pertinent to note a few key points.
The same factors affecting transport within and from a farm can also be at work within streams,
downstream from a contributing property. At the farm scale, contributions of nutrients to the
environment may differ from the sum of contributions from components of it. Similarly, downstream
contributions from a farm may differ to those exported from the property.
Nutrient cycling, deposition or sedimentation (e.g. in lakes or dams, or on floodplains), adsorption,
dispersion and consumption (e.g. by bacteria or algae) may all occur. As an example of adsorption,
dissolved phosphorus may attach to sediments assuming a particulate form, which is not readily
available to aquatic algae (Nash, 2013). Changes in form can produce changes in environmental
impact.
Contaminants may be caught in lakes, dams or wetlands (Rivers & Dougherty, 2009) – and additional
sediments may be introduced by stream-bank erosion. If farms are managed to reduce the time that
water stays in paddocks, via drains or waterway modification, the water they export may be of
greater velocity, with larger volumes leaving in a short time-frame – which may enhance the
downstream erosion of streambanks.
Faster flows also translate into reduced ‘residence times’ for nutrients in any waterbody, and less
time for consumption (e.g. algal growth) to occur. It has been estimated that in preferred conditions,
phytoplankton populations may assimilate roughly fifteen times their initial phosphorus and nitrogen
content, within five days (Wilkinson et al., 2008). The fate of the algae will influence the ultimate fate
of the consumed nutrients.
In many streams and rivers, sediment from the erosion of past decades is stored in stream channels.
This sediment becomes mobilized during high flow events, and may be a source of turbidity for
decades (Trimble 1999). Agricultural practices that reduce peak runoff rates may also reduce the
problems related to the remobilization of sediments stored instream (Czapar et al., 2006).
Additionally, it should be recognized that reducing sediment concentrations in streams may allow for
greater light penetration into the water column, which may allow for more algae growth where
nutrient concentrations are sufficiently high. This possibility should not discourage conservation
efforts, but should inform expectations and strategies of conservation programs (Czapar et al., 2006).
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5 Sources
In this section:
5.1 Production Systems
5.2 Paddocks
5.3 Applied Nutrients
5.4 Hot Spots
5.5 Drainage
5.6 Feed
5.7 Critical Source Areas
Water-borne contaminants from farms (nutrients, sediments and pathogens), can be described as coming
from paddocks, applied fertilisers or recycled nutrients, ‘hot spots’ (such as tracks or creek crossings),
waterways or drainage lines and, on livestock properties, brought in feed. All of those areas are potential
sources of nutrients. Sediment risks are mainly from paddocks, hot spots and drainage lines. Pathogens
may come from paddocks, recycled nutrients (effluent), and hot spots (such as effluent ponds).
Sharpley et al (2013) point to the ‘decoupling’ of nutrient cycles through the mass import of nutrients via
fertilisers. The imports overpower the ability of biological systems to mediate nutrient cycles resulting in
nutrient surpluses, increased dominance of inorganic forms of nutrient, and shifts in the ratios of N, P and
C delivered to waterways. As an example of a consequence, increased export of labile carbon to waterway
sediments (e.g. from plant residue, effluent or septic tanks), results in increased microbial respiration,
which increase oxygen depletion, resulting in the dissolution of iron oxides which release sorbed P.

5.1

Production Systems

Different production systems, or land uses, tend to have different nutrient, sediment and pathogen loss
rates. Whole-of-farm nutrient budgets provide an early indication of the potential for loss from a property.
This is not to suggest that all of a nutrient surplus will be lost to the environment – actual losses are likely
to be less, e.g. as soil stores are built up - but it indicates the scope for loss to occur. See the Management
Practices, Nutrient Status section of this report for more detail.
Studies of nutrient and sediments in runoff from different types of land use provide a guide to their
systematic and ‘average’ management losses. In a review of Australian land use run-off studies Bartley et
al (2010) concluded that, after considering all the studies:
•
•
•

The land uses with the highest median TSS concentrations were Mining (~50,000 mg/l), Horticulture
(~3000 mg/l), Cotton (~600 mg/l), Grazing on native pastures (~300 mg/l), and Bananas (~200 mg/l).
The highest median TN concentrations are from Horticulture (~32,000 ug/l), Cotton (~6,500 ug/l),
Bananas (~2,700 ug/l), Grazing on modified pastures, including dairy (~2,200 ug/l) and Sugar (~1,700
ug/l).
For TP it is Forestry (~5,800 ug/l), Horticulture (~1,500 ug/l), Bananas (~1,400 ug/l), Grazing on
modified pastures (~400 ug/l) and Grazing on native pastures (~300 ug/l).

Data relevant to this review is presented below from all studies and from those where the landuses
monitored had headwaters where at least 90% of the landuse was uniform. It should be noted that the
data comes from different commodities across Australia, and changing technologies within industries may
mean some older data is now less relevant. The differences in some mean and median rates highlight the
variability of results.
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Table 10 Concentrations from ALL studies examined; Bartley et al, 2010

Land use
Forests
Grazing Modified
Horticulture

Median
Mean
Median
Mean
Median
Mean

TSS (mg/L)
EMC
26
77
188
256
3,104
5,945

TN (ug/L)
EMC
436
782
2,235
6,763
32,181
31,539

DWC
9
9

TP (ug/L)
EMC
70
222
355
563
1,451
3,233

DWC
362
492

DWC
30
44

Table 11 Concentrations from studies with > 90% catchment uniformity; Bartley et al, 2010

Land use
Forests
Grazing Modified
Horticulture

EMC only
Median
Mean
Median
Mean
Median
Mean

TSS (mg/L)
10
27
315
322
3,774
7,750

TN (ug/L)
227
385
2,417
3,044
41,497
40,652

TP (ug/L)
19
103
429
726
2,294
4,195

Table 12 Summary of TSS, TN & TP data for major land uses; Bartley et al., 2010 (Table 5)

Commodity

Statistic

No.

10th
Percentile
Forest

Forestry

Grazing
modified
pasture
(Includes
Dairy)

Horticulture

Median
Mean
90th
Percentile
10th
Percentile
Median
Mean
90th
Percentile
10th
Percentile
Median
Mean
90th
Percentile
10th
Percentile
Median
Mean
90th
Percentile

TSS (mg/l)
Event No. Baseflow
(EMC)
(DWC)
5

59

26
77

No.

5
54

228

9
9

TN (ug/l)
Event No. Baseflow
(EMC)
(DWC)
179

53

13

436
782

1
21

1533

5
11

33
50

0

n<3

15

56

17

188
256

362
492

68

54

2235
6763

70
222

76

6

445
699

6

5800
6175

n<3

48

355
563

23

11719

31539
61414

14
35
100

100

585

5945

15

12650

8

32181

44

203

1295

17

30

112

18880

0

40

585

650

3104

10

950

1400
n<3

TP (ug/l)
Event No. Baseflow
(EMC)
(DWC)
16

1162

23
14

No.

0

17

1451
3233

n<3

0

8315

Number (No.) represents a data point from a single geographic site. In some cases this represents individual event
data, in other cases it represents annual or multi event averages. Data are only presented when n>or=3
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Table 13 Summary of data for DIN, DON, DIP and DOP for major land uses, for event (EMC) conditions only; Bartley et al., 2010
(Table 6)

Commodity

Forest

Forestry
Grazing
modified
pasture
(Includes
Dairy)

Statistic

No

10th Percentile
Median
Mean
90th Percentile
10th Percentile
Median
Mean
90th Percentile
10th Percentile
Median
Mean

49

DIN
27
96
210
531

0

14

No
35

DON
69
119
131
222

No
42

0

73
188
2209

8

DIP
3
7
13
29

No

0

85
118
299

12

35

DOP
4
9
12
17

0

3
13
15

14
17
16

6

90th Percentile
6530
624
228
18
10th Percentile
112
185
1
Median
369
212
2
Horticulture
7
7
0
3
Mean
780
986
3
90th Percentile
1880
2372
4
Number (No.) represents a data point from a single geographic site. In some cases this represents
individual event data, in other cases it represents annual or multi event averages. Data are only
presented when No>or=3.

Table 14 Summary of TSS, TN & TP data for major land uses, where land use upstream is >90% single land use; Bartley et al.,
2010 (Table 7)

Commodity

Forest

Forestry

Grazing modified
pasture (Includes
Dairy)

Horticulture

Statistic
10th Percentile
Median
Mean
90th Percentile
10th Percentile
Median
Mean
90th Percentile
10th Percentile
Median
Mean
90th Percentile
10th Percentile
Median
Mean
90th Percentile

No

17

4

9

13

TSS (mg/l)
3
10
27
83
2
9
67
177
11
689
1571
4825
495
3774
7750
12440
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TN (ug/l)

15

85
227
385
527

0

9

13

No

TP (ug/l)

16

8
19
103
379

0

1652
2417
3044
4920
20272
41497
40652
65345

17

13

174
429
726
2174
643
2294
4195
8605
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Commodity
Statistic
No TSS (mg/l)
No
TN (ug/l)
No
TP (ug/l)
Number (No.) represents a data point from a single geographic site. In some cases this represents individual
event data, in other cases it represents annual or multi event averages. Data are only presented when n>or=3
The data, and that from other sources (presented below), show the general relativity of nutrient loss from
different production systems, and the high variability within each.
Table 15 Event mean concentrations (EMC) and dry weather conditions (DWC) for the Duck Catchment and regionally specific
changes for the mid and lower regions (mg/L); Broad et al., 2010 (Table 11)

Table 16 Elicited prior nutrient generation rates used in the Bayesian model. Shown are limits used in the uniform priors for
TP1 M1 ~Unif(M1,Mµ) and TN. L1 ~Unif (L1,Lµ); Broad et al., 2010 (Table 2)
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Table 17 Non dairy sector annual P loss rates; Rivers et al., 2012 (Table 4)

A report on trial work in a mixed landuse catchment in the Mount Lofty Ranges to generate data for a
catchment model (Source Catchments - WaterCAST) reported current and proposed figures for Event
Mean Concentrations (EMC - storm flows) and Dry Weather Concentrations (DWC - base-flows), as
illustrated below (Fleming & Cox, 2013).
Table 18 Current and proposed EMC values of total N, total P and Total Suspended Solids for Source Catchment Modelling in
the Mount Lofty Ranges; Fleming and Cox, 2013 (Table 2)

TN
land use

EMC

TP
DWC

EMC

TSS
DWC

EMC

DWC

0.05
0.11
0.11
0.23
0.50
0.25
0.04
0.34
0.10
0.04
0.08
0.09
0.07
0
0

43
66
66
184
300
150
131
308
146
131
61
27
40
0
0

10
23
23
12
10
10
10
21
12
10
14
23
12
0
0

mg/L
Conservation area
Managed forest
Plantations
Grazing
Intensive grazing (existing)
Intensive grazing (new)
Broadscale agriculture
Broadscale annual horticulture
Broadscale perennial horticulture
Rural Residential
Dense Urban
Suburban
Utilities
Water Bodies
Wetlands

1.8
2.1
2.1
2.1
2.8
2.3
1.6
5.3
1.6
1.6
1.8
1.3
1.3
0
0

0.6
1.0
1.0
0.8
2.2
1.8
0.7
3.4
1.1
0.7
1.5
0.8
1.3
0
0

0.18
0.16
0.16
0.24
0.60
0.30
0.13
0.93
0.13
0.13
0.10
0.08
0.12
0
0

Nash (2013) reported that dairy soil water can be more than 1.0mgP/L, with 0.05 mgP/L considered poor
water.
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Table 19 Nutrient export rates from Currency Creek; Davis etal 1998

As demonstrated in the tables above, annual horticultural production can have very high nutrient export
rates. Most of the P loss from annual horticulture is in particulate form, unless there is a history of high
fertiliser application (Davis et al., 1998).
In a review of Tasmanian data, Broad et al., (2010) noted that data from predominately cropping
catchments was a gap in available information, despite a significant vegetable cropping industry and soil
erosion rating as a major management issue. From monitoring data and modelling they concluded that
the more intense the landuse in terms of nutrient inputs, the greater the nutrient enrichment in
waterways – implying that greater intensification of land use is likely to result in greater surface water
nutrient loads (Broad et al., 2010).
P loss rates reported for horticulture range from 2.7 to 20 kgP/ha/yr and 11 to 200 kgN/ha/yr (Roberts,
2017). Lam et al (2016) noted that, of all Australian agricultural systems, horticultural crops pose one of
the highest risks in terms of N fertiliser losses as N2O emissions and via other pathways.

5.2

Paddocks

Intensive plant production requires nitrogen and phosphorus, and the fertility of soils is a factor in
nutrient losses. Soils, especially the top 10 mm, can become saturated with P (Nash, 2013), and P losses
are related to soil P levels. Above optimum levels of soil P are an unnecessary source of P loss and a waste
of money (Monaghan, 2007). Loss rates are influenced by the nature of rainfall or irrigation (e.g. the
amount and duration of application), soil infiltration characteristics and drainage capacity, and run-off or
drainage aspects (McDowell, 2009).
The nature, and varied influences, of factors like those listed above are demonstrated in the following
examples.
Soils with high P levels (well above that required for healthy pastures), will release P over time, even
without additional fertiliser applications. In addition, Nash (2013) notes that in the absence of fertiliser, P
would still be added to the soil surface layer from sources such as live and decaying vegetation, and dung;
meaning it may take many years before concentrations in overland flow decline measurably.
Soil carbon can influence nutrient losses, but the processes are not always clear. Organic matter in the soil
can interfere with the processes that fix phosphorus to soil particles (Nash, 2013), meaning that the
buffering capacity of a soil can be restricted and that soluble P remains available for plant uptake, or
export. However soil organic matter in conjunction with iron and aluminium, can increase phosphorus
fixation, through what is termed ‘metal bridging’. Organic carbon can also influence a range of other
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factors, from soil structure and pH to microbial activity, which can in turn affect the availability of
phosphorus (Nash, 2012). Denitrification occurs in soils with high levels of dissolved organic carbon, and
low redox potential. (Latzke, 1998).
Sandy soils used for horticulture in WA show high concentrations of P (38 mgP/L) in shallow groundwater except where high P-fixing soils or low fertiliser rates exist. There are low concentrations in deep groundwaters due to P fixing by the soil. Very high concentrations of NO3N (nitrate nitrogen – the amount of
nitrogen in the nitrate ion) were found in shallow groundwater (>10mgN/L), but concentrations dropped
rapidly due to dilution (Latzke, 1998).
The variability in paddock sources, and the importance of environmental factors like soil type, is
highlighted by two horticultural studies from NSW. In one study, an annual horticultural property
generated annual losses in surface runoff of 19 tonne/ha suspended sediments, 11 kgP/ha and 127
kgN/ha. Losses were equivalent to 1.25 mm of soil per year. Over 90% of the phosphorus was transported
in particulate form, as a result of surface erosion (Hollger et al., 1998). Lettuce was the main crop, along
with spinach, capsicum, cabbage and cucumber. The poorly drained soils were formed into semipermanent raised beds, with furrows averaging a gradient of 3%. A low-gradient drain acted as a sediment
trap and was periodically excavated, with the soil returned to paddocks. A similar NSW study recorded N
losses of only 16 kgN/ha/yr (compared with the 127 kg reported above), but noted that extremely high
levels of nitrate leaching occurred which would have reduced the losses in surface runoff (Machar, 2009).
On livestock properties, especially intensively grazed paddocks on dairy farms, stock also influence
paddock losses. High stocking rates affect the amount and distribution of dung and urine, treading and
defoliation of pastures (which releases nutrients) (McDowell et al., 2009), and the pugging or compaction
of wet soils (McDowell et al., 2011). The spatial and temporal spread of cows affects nutrient
accumulation and losses (Aarons, 2012). Controlling stock movements and stocking rates is one way to
control the volume and location of dung, nutrient and pathogen deposits, and losses from treading,
defoliation and pugging.
In dairy paddocks, most N leaching in winter is from urine patches; and the farm scale loss is greater if the
losses are generated near drainage lines. N leaching from beef cattle is twice that from sheep due to urine
being excreted in fewer patches at higher concentrations, affecting plant recovery and promoting leaching
(Monaghan et al., 2007).
Erosion and the loss of sediments and particulate nutrients is rarely a problem on well grassed dairy
pastures, but it is a risk on horticultural properties during times when soils are bare; e.g. during bed
preparation, planting and early growth, and immediately after harvest (Vegetables WA). Factors such as
slope, rainfall and soil type, will affect the degree of risk, along with management practices. Raised beds
used in annual horticulture can transmit phosphorus through the surface soil into furrows, and thence
into drains (Davis et al., 1998).
A review of nitrate leaching in temperate agroecosystems (Di et al, 2002) concluded that, the potential for
nitrate leaching typically ranged from forestry (least), through grazed pastures, to highest in market
gardens (annual horticulture). Matching nitrogen supplies to plant needs was one of the management
responses proposed to reduce risks of nitrate leaching.
A recent review of horticulture best management practice literature relevant to the Gippsland region
concluded that horticulture appeared to have significant potential for P loss. Runoff losses are likely in
response to the winter rainfall excess, and from large easterly weather events (Roberts, 2017).
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Applied Nutrients

Fertilisers are the most common form of applied nutrients, but nutrient rich effluent may also be spread
on dairy farms. Whenever fertiliser or effluent is applied to soils that are wet at the surface, diffuse
nutrient-rich run-off or leaching can occur. Mobilisation and transport readily occurs in soils with low
buffering capacity and those with high leaching rates (Davis et al., 1998).
However, with good management, direct leaching of N from fertiliser is generally low; except in late
autumn/winter, when losses may be higher. P losses from fertilisers are usually less than 10% of the total
P lost from dairy pastures under best management practice, but can account for the majority of P losses
from a farm under poor management. As examples from studies, up to 6% of P applied as superphosphate
in winter was lost in surface flow or drainage (equating to 66% of plot loss), and in another case soluble P
fertiliser applied a few days prior to flood irrigation accounted for a large proportion of the P lost
(Monaghan et al., 2007).
Monaghan et al., (2007) reported that superphosphate is more soluble than serpentine super, which is
more soluble than reactive phosphate rock. In general terms, the more soluble a fertiliser, the greater is
the risk of nutrient loss – but soil type, moisture levels and hydrology can influence that and the pathways
taken. Nash et al., (2004) reported studies in the Macalister Irrigation District that showed higher
concentrations of total dissolved P in run-off following rainfall when diammonium phosphate (DAP) had
been applied, compared to single superphosphate (SSP). Laboratory experiments had previously shown P
to be more quickly mobilised from DAP than SSP. Yet, following irrigation, SSP produced higher
concentrations in surface run-off than did DAP – a result thought to arise due to increased infiltration of P
from DAP in the rapidly infiltrating water at the wetting front of irrigation-induced overland flow.
Table 20 Fertilised Solubility Table; GrowCom Water for Profit (Table 2)

Applied effluent, which would also contain pathogens, is often in liquid form via an irrigator; so extra care
is needed to minimise risks of run-off or leaching. Some horticultural production uses fertigation
techniques – the combined irrigation of water and soluble fertilisers.

Page 45 of 80

Lake Wellington Science Review – February 2018

P R Day

Table 21 Nitrogenous fertiliser use in East and West Gippsland NRM regions; Ladson, 2012 ABS data (Table 5)

Ladson (2012) calculated that around 17,000 tonnes of nitrogen was applied annually as fertiliser in the
East and West Gippsland regions - 8.5 times the annual load to the lakes. Urea was the most common
form, with 3-9% lost in runoff and drainage. It was noted that it is not necessarily the fertiliser that is
being lost directly; rather the application of fertiliser allows more grass growth, increased stocking rates,
increased production of dung and urine and increased organic matter in the soil.
A 3% loss equates to 540 tN/yr; 25% of the annual load to the lakes. Other investigations concluded that
irrigation as a whole contributes 7% of the total N load. A survey in 2002 revealed an average annual
application of 47-56 kgN/ha/yr in irrigated dairy in the Macalister Irrigation District (Ladson, 2012).
A review across twelve farms from a Fert$mart program in Corner Inlet concluded that better matching
fertiliser applications to need could save an average 40% of fertiliser costs, reduce P applications by 50%
and increase N applications by 12% (Turral et al., 2017).

5.4

Hot Spots

Sites with very high nutrient levels, high run-off, and/or high erosivity can readily generate high nutrient
losses. They include things like tracks and creek crossings, hay or silage stores, fertiliser bins, feedpads,
and dairy sheds and effluent ponds, or any relatively small areas onto which effluent is regularly disposed,
regardless of soil conditions (McDowell et al., 2009 and Nash, 2013). High concentrations of stock are a
common source of high nutrient levels; e.g. dairy sheds, stock yards, holding yards, waters, feedpads or
stand-off areas (Aarons, 2012). In most cases the likelihood of loss can be contained by sound
management.
A package of good infrastructure and management is needed for optimal dairy effluent management,
including capture (e.g. from sheds, yards and feedpads), treatment/storage, and disposal/recycling.
Advanced pond systems can reduce the concentration of faecal bacteria in effluent ponds, but not their
nitrogen or phosphorus levels (Monaghan et al., 2007). Irrigating treated effluent requires attention to the
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nutrient status of soils and their capacity to take additional water. As with any irrigation the timing,
amount and rate of application – i.e. ‘when, how much, and how long?’ - should match soil characteristics
and not exceed infiltration rates or soil holding capacity.
Dairy cows excrete large numbers of pathogens, pathogens from dairy sources are found in surface
waters, and pathogens of the general type found in dairy excretions do impact upon public health.
Bacteria like Campylobacter and parasitic protozoa such as Giardia and Cryptosporidium, are examples. As
a generalisation, if water moves off a dairy farm, then pathogens are likely to as well. (Day, 2010).
However, those same pathogens may easily come from numerous other sources (including septic tanks),
and via pathways other than via water. The uncertainty that exists makes it difficult to ever prove, or
disprove, any claimed links between dairy farms and individual health issues. A ‘multi-barrier’ risk
management approach is advocated for public health security, with measures adopted in various
situations and at various scales, e.g. minimising losses on-farm, with-holding periods following effluent
irrigation, and treatment prior to water use off-farm (Day, 2010).

5.5

Drainage

Natural and constructed drainage is a source and conduit of contaminants from farms. Erosion of
paddocks (e.g. annual horticulture), of tracks, and of surface drains or natural drainage lines, all contribute
sediments and particulate nutrients to waterways. As noted by Nash (2013) ‘sediments detached (eroded)
from gullies and channels clearly contribute to phosphorus exports from many catchments’. Gullies and
stream banks can be major sources of sediments, and saturated soils (especially in low-lying areas near
streams), are potential sources of nutrient rich run-off (Davis et al., 1998). The control of erosion and
management of riparian areas can be important in reducing whole-of-property sediment and nutrient
losses.
Dissolved nutrients are also affected and channelled by natural and constructed drainage, as discussed in
this paper; Transport, Connectivity - Drains.
A review of the Macalister Irrigation District reported that outfalls from drains had reduced, and salinity
increased, due to improved irrigation efficiency and more tailwater reuse. That decrease, and the
associated increase in the use of centre-pivot irrigation, was considered to have reduced exports of
nutrients from the District (Turral et al., 2017)

5.6

Feed

Feed is a substantial import of nutrients on many dairy farms, with supplementary feeding being a driver
of increased milk production. In a study of 41 farms across Australia imported feed, as grain, by-products,
hay and silage, contributed 40% of total N imports - but there was wide variability ranging from 4 to 79%.
The largest source of P was generally imported feed, with a median contribution of 47% (range 4–98%)
(Gourley et al., 2012).
Although imported feeds can be a big contributor of nutrients to a farm, they are not generally associated
with being a direct source of nutrient loss – rather it is the efficiency of conversion to produce by stock
and the management of effluent that matter. The exceptions are on-farm stores of feed, especially silage,
which could become sources of direct loss if poorly located or managed.
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Critical Source Areas

The combination of two factors can govern how much nutrient or sediment loss occurs from a farm. They
are the presence of a large source and its degree of connectivity to a waterway. A large source of nutrients
that lacks connection to water will pose little immediate threat to waterway pollution. Areas which have
high source and high transport potential are termed Critical Source Areas (McDowell et al., 2009). They
may only occupy a minor area of a farm, but be responsible for a major proportion of losses (McDowell,
2011).

Figure 17 Critical source areas

The concept of Critical Source Areas applies at all scales but from a management perspective it can be
very important at a farm, or within that at a ‘management unit’, scale. It prompts consideration of how
water flows across and through a property or management unit (land with similar management
requirements) to a watercourse, in conjunction with the identification of probable high source areas. As
water moves across farm boundaries it might be necessary for property managers to work together in
identifying Critical Source Areas and finding management solutions to contain the risk of nutrient loss. The
Farm Nutrient Loss Index (FNLI), and even the Revised Universal Soil Loss Equation, can help property
managers in this regard.
Eroding gullies or streambanks and saturated soils in low areas with good connectivity to a river are
examples of potential Critical Source Areas.
Phosphorus can accumulate at various points along a transport route, such as in soil, in downslope areas,
in waterway sediments, and in biomass – and ‘cascade’ between them. Remobilisation or recycling of
phosphorus from such areas results in the accumulation points becoming sources of nutrient; as sorbed P
is released to solution from saturated soils. This ‘legacy P’ can obscure or over-ride reductions in P
generation through changes in land management. Phosphorus may also ‘spiral’ between water, sediment
and biota (Sharpley et al, 2013).
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6 Management Practices
In this section:
6.1 Introduction
6.2 Plan
Nutrient status
Risk assessment
6.3 Optimise production
Nutrient Use Efficiency
Water Use Efficiency
Stock Management
Soil Health
6.4 Minimise loss
Precision farming
Run-off Management
Soil Amendments & Inhibitors

6.1

Introduction

The dairy and horticulture industries have both been active, singularly or with partners, in
developing tools, guides and frameworks to help producers understand and adopt sustainable
management practices. They, and the cotton and sugar industries, are currently collaborating in a
More Profit from Nitrogen program. Other examples include:
•
•

‘Best practices’
o DairySAT
o Guidelines for Environmental Assurance in Australian Horticulture
Soil and nutrient management
o Dairy Soils & Fertiliser Manual
o Effluent & Manure Management Database for the Australian Dairy Industry
o Farm Nutrient Loss Index
o Healthy Soils for Sustainable Vegetable Farms – Ute Guide
o Soil Wealth
o EnviroVeg Manual – updated version due in early 2018
o Irrigation Essentials

Producers in those industries are important resource managers in the Lake Wellington catchments.
The industry-wide relevance of the guidelines and the frameworks they present makes them useful
to programs aiming to work with producers. The structure of this section borrows from that of the
Dairy Soils and Fertiliser Manual. It, and others of those from the dairy industry, can be accessed at
the Dairying for Tomorrow website: www.dairyingfortomorrow.com.au – while the Horticulture for
Tomorrow website offers similar materials for that industry: http://horticulturefortomorrow.com.au/
Management practices are reviewed below under groupings of:
•
•
•

Plan – understand risks and opportunities, and plan integrated (whole-of-system) solutions,
Optimise production – convert as many inputs as possible into produce, and
Minimise losses – contain risks from excess inputs as economically as possible.

Roberts et al (2012) used expert opinion to build on previous assessments of the likely practices,
adoption levels, benefits and costs involved in reducing phosphorus loads to the Gippsland Lakes.
Page 49 of 80

Management practices considered included tail-water re-use systems, irrigation pressurisation and
automation, effluent management, irrigation farm plans and riparian management. They concluded
that achieving a 40% reduction in loads would not be cost effective, but a 20% reduction could be
cost effective, requiring only modest levels of change in agriculture.
A review of actions from the Macalister Land and Water Management Plan (MLWMP) that improve
irrigation efficiency, increase the re-use of irrigation drainage water, and reduce runoff from irrigated
land concluded these practices would also decrease phosphorous loads to waterways and ultimately
to Lake Wellington. However, the Review found that it was not possible to quantify the reduction in
TP loads achieved by the Plan or to attribute reductions to particular actions at particular locations.
Problems encountered were the climate driven variability of flows and loads to Lake Wellington, and
the impracticability of establishing a monitoring network to measure the effects of individual works
and measures (DELWP, 2017).
The MLWMP review proposed that the types of actions that should be considered include:
•
•
•
•

Increasing the reuse of irrigation runoff on farm.
Continuing to promote on-farm irrigation modernisation on farms serviced by delivery systems
that are being modernised.
Promoting improved dairy shed effluent management.
Promoting improved fertiliser management (DELWP, 2017).

Experience over the last two decades suggests the approaches which are most effective are:
•
•
•
•
•
•

Reducing runoff from irrigated land.
Diverting runoff from irrigation land.
Improving dairy shed effluent management.
Improving fertiliser management, particularly in high rainfall areas.
Reducing erosion of the bed and banks of waterways.
Excluding stock from waterways (DELWP, 2017).

6.2

Plan

Nutrient Status
Understanding the nutrient budget of an enterprise, and the nutrient requirements of soils and crops
or pastures, provides solid information on which to begin planning for sustainable nutrient
management.
Whole property nutrient budgets indicate whether a nutrient imbalance (and the potential for
nutrient losses to the environment) exists or not. Nutrient budgets can also provide some guidance
on where the major imbalances occur and, with reference to industry norms, the best opportunities
for improved efficiency in the conversion of nutrients to produce. The ability of nutrient budgets to
provide information on the efficiency of nutrient use and examine potential environmental impacts
makes them a valuable tool (Monaghan et al., 2007). In some countries, a nutrient budget is a
mandatory requirement in order to apply fertilisers.
Neville et al developed nutrient budgets for properties across a range of commodities in south west
WA, as shown below. Their observations included:
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•
•
•

Input:Output Ratios vary significantly within land uses, possibly due to management practices
and environmental differences.
The P Input:Output ratio provides some indication of production P loss, but estimated levels of P
loss to the environment are also strongly correlated with farm P inputs.
The selection and prioritisation of management practices needs to consider how each
management action addresses the issue of ‘nutrient balance’ (Neville et al).

Figure 18 P Input:output ratios and production P losses. (Within columns, values with different letters are significantly
different and increase alphabetically, P < 0.005); Neville et al

Nash (2013) reported data showing dairy farms with an annual P surplus of 34 kg/ha/yr; compared to
sheep ranging from 3 to 20 kgP/ha/yr, and beef 13 kgP/ha/yr. A New Zealand study reported dairy
farm deficits of 1-10 kgP/ha/yr, and 0.1-2.2 kgP/ha/yr for sheep/beef (McDowell et al., 2011).
In a nation-wide survey of eighty four Australian dairy farms, Gourley et al (2012) reported a median
P surplus of 26 kgP/ha/yr, and a median N surplus of 193 kg/ha/yr. Annual horticulture can also
exhibit an imbalance in nutrient applications, with surpluses reported for brassicas (67 kgP/ha/yr and
33 kgN/ha/yr) and leafy vegetables (19 kgP/ha/yr and 15 kgN/ha/yr) (Roberts, 2017).
In the Gourley et al (2012) study of whole-farm nutrient balances, Inputs included feed, fertiliser and
nitrogen fixation, while Outputs included milk, animals and crops. There was considerable variation
between enterprises, but indicative overall values are:
•
•
•
•
•
•
•

For N, imports were fertiliser 43%, feeds 40%, and legumes 16%. Milk was 82% of exports.
For P, imports were feed 47% and inorganic fertiliser 46%. Milk was 74% of exports.
Median N surplus was 193 kgN/ha, with median efficiency of 25%.
Median P surplus was 26 kgP/ha, with median efficiency of 32%.
Soil P levels were often above agronomic levels – i.e. the level required for productive pastures.
Total N import correlated with Milk Production/ha, and the N surplus was correlated with
stocking rate and Milk Production (MP).
There was a wide range of P surplus and deficits, which were poorly related to Milk
Production/ha.

Section 15.11 of the Dairy Soils & Fertiliser Manual provides a worksheet for the development of a
nutrient budget for dairy farms.
The Gourley et al (2012) study provided an estimated national milk production N surplus of 12.1
gN/Litre of milk produced, an equivalent figure to those reported in overseas studies. Further
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intensification of milk production per hectare is therefore likely to result in increased nutrient
surpluses and increased risk of adverse environmental impacts. A modelling study in the Moe
catchment by Stott et al (2012) reached the same conclusion, noting that increased use of fertiliser
and supplementary feeds increased stocking rates and nitrate leaching – the more intensive dairy
operation was more profitable but at the cost of increased N loss.
In horticultural and cropping industries, producers are encouraged to develop a nutrient budget to
ensure nutrients lost via crop removal are replaced through well timed fertiliser applications.
Nutrients should be applied as frequently as needed but in amounts matched to the crop growth
curve, i.e. rapid growth means higher demand (RMCG). Dairy farmers are encouraged to target
optimal soil P levels and to develop a corresponding P budget (McDowell et al., 2011).
Kelly (2014) describes a nutrient budget as being like an accounting system for nutrients. For
horticulture, it involves:
•
•
•
•
•
•
•
•

Estimating the amount of nutrients available from the soil (soil test results),
Obtaining uptake and removal figures for the target crop and the previous crop (to account for
nutrients in crop residues, e.g. from legumes),
Determining the target yield to calculate actual uptake and removal figures,
Calculating the amount of nutrients, especially nitrogen, that will be applied with irrigation water
(50 ppm nitrate in irrigation water will add about 1 kg N/ha with every 10 mm of irrigation water
applied),
Calculating the amount of nutrients already applied to a paddock,
Estimating the amount of nutrients that will be removed through harvested product,
Determining possible nutrient losses through leaching, volatilisation or soil erosion, and
Replacing nutrients lost to the system through appropriate fertiliser applications.

Lam et al (2016) reported that management strategies aiming to better match N supply to crop
demand can help reduce N2O emissions and N fertiliser losses through other pathways, such as
leaching. Irrigated vegetable crops rarely take up more than half of N fertiliser applications and N
uptake can be as low as 20 per cent, highlighting the potential to improve Nutrient Use Efficiency
(NUE) in the sector. The horticulture industry accounts for about 10 per cent of nitrogenous fertiliser
use in Australia, an amount comparable to that used on pastures.
Blaesing (2010) describes an experimental learning project (including trials, surveys and training as
requested by growers in the Victorian tomato industry) to improve soluble solids (brix) levels in
tomatoes and reduce nitrate leaching. It emphasised the importance of nutrient budgeting and
monitoring throughout the growing season, and resulted in growers shifting from reliance upon urea
(which is suited to flood irrigation) to using Calcium Nitrate and liquid UAN for fertigation. It showed
that nitrogen uptake was influenced by factors other than fertiliser rates, such as soil constraints to
root growth or the lack of root mycorrhiza. It was concluded that a purely technical focus and
traditional research and extension approach may be insufficient to support new decision making
processes by growers.
Soil testing and mapping nutrient status provide useful, objective information on which to base
nutrient management plans. Regular review (re-sampling) provides insights into any trends
occurring, such as a build-up of phosphorus levels. For horticultural crops, plant tissue testing, sap
testing and visual inspection are all encouraged to monitor post-planting nutrient availability and
guide fertiliser programs (Kelly, 2014).
In the Gippsland dairy industry, 95% of producers use soil tests, 52% have a fertiliser plan and 14%
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use tissue testing (Watson et al., 2015). In Victoria, around 25% of horticulture producers soil test
(Barson et al., 2012).

Figure 19 The percentage of horticultural businesses (farmers) undertaking pH and nutrient soil testing in 2007-08 and
2009-10; Barson et al., 2012

Risk Assessment
The identification of high risk activities and critical source areas (sites with high nutrient levels and
high connectivity to waterways) helps target situations in which nutrient loss mitigation practices
should be employed. Management practices may be reviewed with the assistance of tools such as
DairySAT and the Guidelines for Environmental Assurance in Australian Horticulture.
The Farm Nutrient Loss Index (Melland et al., 2007), was developed for all forms of grazing
enterprise. It addresses risks arising from the physical landscape and from relevant management
practices, down to the scale of a farm management unit. A Nutrient Management Risk Matrix is also
available as part of Cracking the Nutrient Management Code – a set of guidelines developed for
industries by the Fertiliser Industry Federation of Australia (2001).
The Revised Universal Soil Loss Equation can be employed to help assess the risk of erosion. Soil loss
is a factor of rainfall erosivity, soil erodibility, slope (length and gradient), ground cover and
management, and erosion control practices.

6.3

Optimise Production

Nutrient Use Efficiency
Optimising production from areas that are more resilient and a lower-risk in terms of nutrient or
sediment loss is one way to profitably manage risk at a farm scale. Striving for peak production in
resilient areas and reducing the pressure on critical source areas, should be one outcome from any
property management plan.
Understanding and managing any limitations to plant growth (e.g. soil constraints) and the nutrient
requirements of plants in order to meet production goals, enables more precision in the application
of fertilisers, and optimal production from the inputs applied.
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Recycling nutrients also helps to reduce surpluses in farm nutrient budgets, and drive increased
production from the nutrients available on-farm. Examples include recycling irrigation run-off or
drainage (which is likely to contain nutrients) and recycling effluent.
Dung beetles have been promoted as a means to, amongst other things, enhance nutrient cycling.
Several species have been introduced to Australia and can break down cow pads, which are buried as
balls (containing their eggs and larvae) in tunnels they dig into the root zone. It can take from hours
to up to three days for a cow pad to be buried (Griffiths, 2015). Larval beetles consume the dung
balls and excrete a black humic substance that lines the tunnels. Trials in temperate Australia showed
increased earthworm populations, soil permeability, phosphate, carbon and organic matter, in plots
to which the dung beetle Bubas bison were added. Nitrate and ammonia levels were elevated in the
vicinity of the tunnels. It was concluded that reduced water pollution would follow (Doube, 2008).
Some of the major inefficiencies in cycling nitrogen in dairy farming systems are the high protein
content of pastures compared with needs, and the high nitrogen concentration of urine patches.
Nitrogen from fertilisers increases pasture growth, enabling an increase in stocking rates, resulting in
more urine being excreted (Monaghan et al., 2007). Using more low protein feed, like maize,
improves nitrogen use efficiency.
Gourley et al (2012) noted that nutrient use efficiency (i.e. farm nutrient balances) could be
improved by;
•
•
•
•

Reduced, or more strategic, use of inorganic fertilisers.
Optimising home-produced manure.
Reduced pasture grazing time.
Lowered nutrient concentrations in rations.

On-farm practices for horticulture that aim to maximise Nutrient Use Efficiency and minimise N2O
emissions include:
•
•
•
•
•

Soil and tissue testing to predict crop fertiliser requirements,
Assessment of soil constraints, such as waterlogging,
Nutrient budgeting,
Better timing and placement of fertiliser to deliver N when and where it is needed by the crop,
and
Use of enhanced efficiency fertilisers, such as nitrification inhibitors and controlled-release
fertilisers (Lam et al., 2016).

An overview of a new EnviroVeg program presents key messages of:
•
•
•
•

Nitrogen (N) is dynamic and needs to be managed accordingly (remember the 4 Rs - right
product, right time, right rate, right place).
Standard N rates (or recipes) are not useful for effective N use, but may be used as a rough
guide.
Soil reserves and plant uptake of N should be monitored to make good decisions.
Check the success of N application by calculating the nitrogen use efficiency (NUE%).

Gourley et al (2012) advise on the importance of avoiding ‘pollution swapping’ – closing off one
nutrient loss pathway (e.g. surface flow), only to divert nutrients to another (e.g. gaseous loss or subsurface flows). Variations between the leaching of nitrate, emission of nitrous oxide, and the
volatilisation of ammonia are an example. An emphasis on nutrient use efficiency lowers the risk of
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‘pollution swapping’.
Yiasoumi et al (2016) noted the loss of nutrients, particularly nitrates, from inaccurately scheduled
fertigation of shallow rooted crops was a looming issue for the vegetable industry. Tools such as
solute samplers and FullStops have been largely dis-adopted due to issues with installation and
maintenance. They concluded that the combination of over irrigating and high nitrogen inputs,
inevitably results in off-farm impacts which contribute to diffuse pollution.
Stirzaker et al (2017) recently reported on an experiential learning trial in Africa to help improve
irrigation and nitrate management – as the two are inextricably linked and ‘unless farmers can
reduce over-irrigation they will continue to leach nitrate from their soils’. In that work, the Chamelion
soil moisture sensor and the FullStop wetting front detector and solution sampler, were used in
conjunction with a phone App to monitor soil tension and nitrate levels respectively, and resulted in
changes in practice and, in one district, increased yields.
N-Check is another approach offering timely data to monitor plant available nitrogen in the root
zone.

Water Use Efficiency
Optimising the efficiency at which water is converted to produce (yield/ML) can enhance profit and
reduce the risk of nutrient or sediment movement, as excess water inevitably results in the
movement of nutrients (and in some situations, sediments). An Irrigation and Drainage Management
Plan is a good foundation for management, along with monitoring and decision support tools to
guide the scheduling of irrigation – determining the ‘when, how much and how fast’ of each
irrigation.
Findings from the multi-commodity National Program for Sustainable Irrigation (NPSI) were
presented in a framework titled ‘Irrigation Essentials’. The ‘essentials’ apply to all commodities, and
to any form of irrigation - be it for extracted water or recycled effluent. The ‘Updated’ version (Day et
al., 2012) sets out the framework as follows. It highlights the importance of aligning infrastructure
with irrigation management and crop / soil management:
•
•

•

•
•

Business Planning
o External influences
o Business fundamentals
Irrigation Planning
o Site suitability
o Production systems and crop selection
o Irrigation and drainage systems
Irrigation Management
o Water budget
o Irrigation scheduling
o Irrigation strategies
Crop and Soil Management
o Plant performance
o Soil condition
Monitoring
o Monitoring and evaluation
o Continuous improvement.
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Laser grading heavier flood-irrigated soils, and using sprinklers rather than flood irrigation on lighter
soils, can help improve water use efficiency, and reduce nutrient loss. Laser grading and no
significant additional fertiliser has resulted in a 40% reduction in P loss (Nash, 2013). Laser-levelling
and widening irrigation bays, reuse dams, higher stock entry points, and scheduling irrigation with
consideration of infiltration rates and to avoid rain are practices recommended by McDowell et al.,
(2011). Sound irrigation management could help avoid losses of from 3-5, to up to 20 kgP/ha/yr, on
flood irrigated pastures. Ensuring no outwash occurred and that there was no irrigation earlier than 7
days after a fertiliser application were recommended by Monaghan et al., (2009).
Recycling treated effluent onto paddocks can relocate nutrients, as well as recycle them. Risks occur
when effluent is applied to saturated soils resulting in nutrient-rich run-off, and when the same area
continuously receives effluent resulting in high soil nutrient levels. An application of 100mm of
effluent can equate to 34 kg of phosphorus and 210 kg of nitrogen (Rivers et al., 2009).
Recommendations and options for irrigating dairy effluent (Monaghan et al., 2007) include:
•
•
•
•

Farm Dairy Effluent irrigation should not exceed soil infiltration or water holding capacity. It
should ideally be stored for deferred application if necessary, to limit the application depth to the
soil water deficit in the effective pasture root zone.
Distribute effluent via more frequent small irrigations – which may necessitate increased pond
storage or larger application areas, along with effluent block nutrient budgets and soil water
balance monitoring.
Aerate soil to increase the soil/effluent contact area.
Adding P-sorbing compounds to effluent ponds.

Monaghan et al., (2007) also described a future role for integrated, or precision-based, effluent
application scheduling incorporating weather data, along with simulation models or sensors to track
pond volumes and soil moisture deficits. Their use would be on the premise that effluent irrigation
areas were well-sited in the landscape. Further investment in infrastructure for the collection,
storage and distribution of effluent are also likely to be required for improved distribution of manure
(Gourley et al., 2012).
The Australian effluent planning and decision support tool, MEDLI (Model for Effluent Disposal Using
Land Irrigation), is along the lines of an integrated effluent scheduling tool, and is available for use to
help design and manage sustainable effluent disposal systems (DSITI, Qld).
A recent national project interviewing vegetable growers, consultants, processors and researchers
found that the overwhelming majority opinion was that vegetable growers were generally low
adopters of irrigation technology (Yiasoumi et al., 2016). The report authors cite ABS 2014 data
indicating that irrigation scheduling has declined to 14% of irrigators across agriculture. Scheduling
technology has often been ‘dis-adopted’ and needs to be simple to install, adopt and interpret, or
made simple through ongoing support. Smartphone Apps are often integral to user friendly options.
G-Dot soil moisture sensors are used by vegetable growers due to their user friendly interface, and
Chameleon is considered to have similar potential.

Stock Management
Nutrients may be redistributed on-farm by stock in urine and dung, by recycling treated effluent, and
through harvesting and feeding out home-grown feeds such as silage or hay. Changing where stock
spend their time can change where they redistribute nutrients, although cows tend to excrete more
in response to certain stimuli, such as entering yards or crossing a creek (Davies-Colley et al., 2004).
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Stock management options include; on:off grazing, spelling paddocks prior to wet-soil pugging, and
seasonally managing or excluding stock from riparian and other critical source areas. Monaghan et
al., (2007) suggested restricting grazing of crop-lands in winter. Relocating cows to a feedpad from
autumn until calving (four months) could reduce N leaching by 60%. It was also suggested that
effluent from feedpads should be stored and applied to pastures in spring or summer.

Soil Health
Maintaining soil health, particularly soil structure, can be an issue within horticulture. Soil
compaction is noted as a risk, requiring increased tillage effort for remediation (McPhee et al., 2015).
It impairs root growth and the movement of water from the soil surface to the roots. Sandy and
sandy loam soil types are highly susceptible to compaction, even when porous and free draining
(Anderson et al., 2007).
Organic matter can enhance soil structure and, as it is porous, infiltration. Ground cover buffers the
soil from the impact of raindrops, acts as a short term reservoir for water and slows the velocity (and
erosive power) of surface water. Cover crops aid infiltration as water moves down plant stems and
into the soil along plant roots.
The carbon to nitrogen ratio of a cover crop influences how quickly it decomposes through microbial
activity – a high C:N ratio is slower. A Fact Sheet ‘Managing cover crop residues in vegetable
production’ provides more information. It and other Fact Sheets on topics such as reduced till and
carbon storage can be found at the Soil Wealth / Integrated Crop Protection website
www.soilwealth.com.au
Anderson et al., (2007) provide a comprehensive guide to healthy soils for vegetable farms, while
Cockcroft (2012) advances ideas for the improvement of soil structure for horticulture through the
use of cover crops with fibrous roots and healthy mycorrhizae. Practices that reduce water erosion
can reduce the loss of sediment-bound nutrients.
The Revised Universal Soil Loss Equation highlights the factors most important to reducing soil
erosion:
Erosion = Rainfall factor X Soil erodibility factor X Length of slope factor X Slope factor X Cropping
system / ground cover factor X Management practices factor.
There is limited Australian data on the environmental aspects of annual horticultural production, but
the Conservation Effects Assessment Project (CEAP) in the Lower Mississippi River Basin shows the
importance of detailed analysis. The project used surveys, sampling and modelling to assess the
effects of conservation practices on croplands, used mainly for soybeans, cotton and rice production,
in the period 2003 – 06. It is an example of the type of information needed to keep track of issues as
production systems change and, as Jarvie et al., (2013) note, the type of inputs needed to
supplement long term catchment monitoring programs.
The project found a reduction in runoff due to conservation tillage may increase leaching of nitrates
into shallow water tables. About 51% of the area studied had an increase in total nitrogen loss due to
conservation practice use, although most of the increases were small. The result occurs primarily on
soils with relatively high soil nitrogen content, and generally low slopes where the surface water
runoff is re-directed to subsurface flow by soil erosion control practices. The higher volume of water
moving through the soil profile extracts more nitrogen from the soil than under conditions without
conservation practices, offsetting the reductions in N loss in surface run-off (CEAP, 2013). No-till
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cereal cropping has also been found to build up phosphorus at the soil surface, which then became a
source of dissolved P in runoff (Sharpley et al., 2013).
On average, the CEA Project found conservation practices had reduced phosphorus loss with
waterborne sediment by 31% and soluble phosphorus loss to surface water by 47%. However, for
about 17% of the area, conservation practices resulted in increased phosphorus loss to surface
water; although the increases were relatively small. In some cases the increases in phosphorus loss
were due to small increases in surface water runoff. In other cases increases in phosphorus loss were
due to a combination of practices and landscape conditions that cause phosphorus levels to
concentrate near or on the soil surface, where it is more vulnerable to surface runoff. On these types
of landscapes, improved phosphorus management, along with light incorporation and maintenance
of crop residue on the soil surface, may be necessary to reduce soluble phosphorus loss (CEAP,
2013).

6.4

Minimise Loss

Precision Farming
The ‘4 R Nutrient Stewardship’ framework involves the:
•
•
•
•

Right source of fertiliser – matching fertiliser type to crop needs, at the
Right rate – right amount to meet crop or pasture needs, at the
Right time – making nutrients available when crops or pastures need them, and
Right place – keeping nutrients where crops or pastures can use them.

All four can reduce the risk of nutrient losses to the environment. Examples of recommended
practice to minimise nutrient loss from fertilisers include:
•
•
•
•

Avoid applications to waterways.
Apply 2 weeks or more before run-off or irrigation occurs.
Use less soluble forms of P (e.g. reactive phosphate rock).
Don’t exceed soil/crop needs - stop applications above required levels (McDowell et al., 2009).

Nash (2013) noted that ‘days since fertiliser’ has a big effect on P concentrations in run-off, but losses
are now rare as summer/early autumn applications (avoiding high run-off) have become the norm.
The ever evolving nature of primary production systems means that data on nutrient losses from
agricultural practices can become dated relatively quickly and less relevant to current situations.
McDowell et al., (2009 & 2011) report that, given good management practices as a starting point,
there is limited scope for reductions in nutrient losses from dairy pastures – likely to not exceed a
10% improvement. With good management, systemic losses are more challenging than incidental
losses. Holz (2007) concluded that dairy farmers in a ‘hump and hollow’ farming system could reduce
annual phosphate losses by 12% by excluding fertiliser losses.
Melland et al., (2017), Machar (2009), and Eckard collectively recommend the following to minimise
nutrient losses from grazed pastures:
Rate and timing:
•

Match the rate and timing of fertiliser applications to meet pasture needs - Only apply N when
pasture is actively growing and can utilise the N.
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•
•
•
•

•
•

Do not apply above 50 kg N/ha in any single application and do not apply N closer than 21 (30 kg
N/ha in spring) to 28 (50 kg N/ha) days apart, as this will increase N losses exponentially.
Manage the risk of nitrogen loss by maximising pasture uptake of soil-water and nitrogen
(especially in wetter periods).
Delay irrigation after fertiliser application to ensure that any excess water does not transport
fertiliser off-farm.
While soils are near field capacity (mid-July to September), or on free draining soils (sands or
kraznozems), avoid applying N fertiliser before heavy rainfall and for at least 2 to 5 days after
heavy rains, depending on how readily the soils drain. If N must be applied, then apply lighter
rates of N and use urea rather than a N fertiliser containing nitrate.
Avoid heavy stocking intensity (i.e. sacrifice blocks) on a single paddock during high rainfall
periods, as this will result in significant urinary deposition in a small area, with pugged soils
resulting in either increased denitrification or surface run-off loss of N.
The risk of phosphorus loss can be managed by minimising fertiliser and effluent applications.

Placement:
•
•
•

Minimise the development of nutrient hotspots in naturally or artificially well-drained soil, and
avoid applications when there are high water-tables or saturated soils.
Minimise grazing in high risk paddocks (e.g. waterlogged and connected to, or near, waterways)
or time on un-bunded hard surfaces at high risk times (e.g. storms or prolonged wet periods).
Avoiding high rates of P fertiliser to seasonally waterlogged parts of the landscape, and consider
retiring them from production to maintain year-round ground cover (Melland, 2003).

Effluent:
•
•
•
•

Ensure that laneways drain back to paddocks and not to drainage lines and waterways.
Effluent dams can be enlarged to allow increased storage capacity in times of rain when pastures
are already saturated.
Irrigation systems can be upgraded to better distribute effluent across a property to avoid
saturation (both nutrient and hydrological) in any one paddock.
An effluent irrigation buffer zone can be left adjacent to watercourses to filter runoff.

Pastures can be managed to reduce the risk of N leaching by; promoting high root density, increasing
root depth, and aiming for active growth in winter (the highest risk time). Having a high sugar
content, low N concentration and tannins also assists (Monaghan et al., 2007).
Managing livestock as nutrient spreaders and adopting a 4R framework can also be done. McDowell
et al., (2011) recommended fencing stock from streams, and providing waters and shade elsewhere
(to avoid attracting them to riparian vegetation) – keeping them in a ‘right place’.
Monaghan et al., (2007) reported on measures to target reductions in nitrogen losses associated
with urine, including:
•
•
•

Feeding stock N inhibitors, which are excreted in urine to inhibit nitrification on soil deposition.
Giving cows diuretic salt supplements to increase their water intake, causing them to urinate
more frequently, with lower N concentrations in their urine.
Applying a soil N process inhibitor (e.g. the nitrification inhibitor, dicyandiamide - DCD), to target
urine N leaching in critical the autumn/winter period, when a 68-76% decrease in NO3 leaching is
possible. Urease inhibitors target ammonia volatilisation.
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For horticulture, applying the most suitable types of fertilisers and soil conditioners (e.g. manures) at
the right rate and frequency or time is important to minimise nutrient losses. Application equipment
must be set up and operated correctly as well. Some general rules recommended for horticulture
include:
•
•
•
•
•
•
•
•
•
•

Avoid applying fertiliser to saturated soil or when heavy rain is forecast.
Avoid applying fertiliser during extended drought.
Use contour drains to minimise run-off on slopes.
Monitor soil moisture to avoid irrigation water running past the root zone; carrying nutrients
with it.
Maintain a vegetation cover through typically rainy periods to take up nitrogen that may
otherwise be leached.
Use stubble retention to avoid soil and nutrient loss during windy and dry periods.
Nitrogen should not be applied upfront in large amounts, if volatilisation or leaching may occur.
Select the most suitable fertiliser type, depending on the speed of availability of nutrients in
relation to crop demand, acidity, alkalinity or salinity (salt index) of fertiliser.
Foliar application is a useful method for applying targeted amounts of micronutrients as a
supplement to correct imbalances, or if root-zone or weather conditions affect root uptake.
Be careful not to apply fertiliser to non-crop areas or adjacent to waterways. Take steps to
prevent contamination of water sources from pump backflow during fertigation (RMCG).

Run-off Management
Grassed buffers reduce P loss in run-off by filtration, deposition and improved infiltration. However,
they can become clogged with sediment, and saturated. They can also be bypassed by non-sheet
flow, and operate best when grasses have produced many tillers (as they do upon being grazed –
which may negate a goal of keeping stock out of waterways) (McDowell et al., 2011). Grassed buffers
can help reduce erosion along in-field flow lines. This review has not focused on streambank erosion,
hence the role of riparian buffers in streambank stabilisation has not been covered.
Broad et al., (2010) noted that catchment nutrient loads are driven largely by rainfall and topography,
which results in flow to rivers via various land uses. Nutrient delivery to waterways is modified by
land management practices as outlined above. Strategies for improving water quality should focus on
the paddock and landscape scale, as well as the riparian zone.
Czapar et al., (2006) grouped practices to avoid soil erosion into:
•
•
•

Conservation tillage, reducing in-field sheet and rill erosion.
Run-off management, reducing slope length e.g. through contouring, contour strip cropping or
terracing.
Velocity and erosive power control, reducing channel and gully erosion e.g. through grassed
waterways, grade-control structures, and sediment control basins.

They also noted that most of the soil and nutrients losses in surface runoff tend to occur in a few
events that involve large quantities of runoff. However, most conservation measures are more
effective at reducing runoff and erosion from smaller and more frequent events, and are less
effective as the amount of precipitation and runoff increases (Czapar et al., 2006).
Reviews of nutrient management options for dairy pastures show the importance of well designed
and managed nutrient loss mitigation structures:
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•
•

•

Monaghan et al., (2007) reported that micro-topography (uneven ground) often causes flow to
converge and increase flow rates, rather than favouring sheet-flow of surface water. As a
consequence, rivulets by-pass riparian strips.
Sediment traps can retain coarse sediment if cleaned regularly, and can produce a 10% decrease
in TP concentration. Dams constructed for P-settling and drainage reuse can save 48-98% of loss
from irrigated paddocks, but are less effective in rain-fed landscapes, where they also present
issues with any policies to maintain environmental flows (McDowell et al., 2011). Ponds can,
however, increase particulate P, due to algae growing in them – which also reduce dissolved
oxygen levels (McDowell et al., 2011)
Open drains can be both a sink and source, as can wetlands. Furthermore, particulate P can
become dissolved P in them (and vice versa). Better options could include using constructed
wetlands with P-sorptive materials, or floating (harvested) wetlands or crops, if economic
(McDowell et al., 2011)

Many dairy pasture soils have high concentrations of phosphorus in their top soil, and the
concentration of P in surface run-off is tied to those levels. Topsoil mixing is a suggestion to reduce P
in run-off by burying or cultivating and redistributing the topsoil (McDowell et al., 2011 &
Monaghan, 2007). This could be investigated as an option at the time of pasture renovation, or in
and adjacent identified critical source areas. Holz (2007) noted that soil mixing had potential in sites
with nutrient stratification and stable surfaces (i.e. little soil mixing by stock, as may occur in wet
soils grazed during winter).
Sharpley (2003) concluded that ploughing P-stratified soils can reduce P loss in surface flow, as long
as ploughing-induced erosion is minimised. In trials in the US, P-stratified soils were chisel-ploughed
to 25 cm and sown with orchard-grass (Dactylis glomerata). Once the grass was established total P
concentrations in surface flow reduced to 1.79 mg/L compared to 3.4 mg/L prior to treatment.
Dissolved P reduced to 0.3 mg/L from 2.9 mg/L.
Soil nutrient stratification is an issue in the grains industry associated with minimum or zero-till and
has been researched by the Grains Research & Development Corporation.
‘Hot spots’ such as milking sheds and yards, effluent treatment ponds, and feedpads are potential
sources of nutrients. To best manage risks from such areas, McDowell et al., (2011) recommend
systems including; effluent capture, storage, deferred irrigation, low rate application, no drainage,
and application to summer-growing crops. Farm planning and infrastructure development are
prerequisites.

Soil Amendments & Inhibitors
Chen et al (2008) concluded that management practices alone would not prevent all nitrogen losses
from applied fertilisers, and that enhanced efficiency fertilisers were needed – such as controlled
release products, and urease and nitrification inhibitors. Yield increases or reduced losses of nitrogen
in irrigated crops have been recorded when nitrification inhibitors have been used, but there is little
Australian information available on their value in containing environmental losses of nitrogen.
Nitrogen measurements indicate that up to 60% of the applied N may be lost to the atmosphere or
leached in high N use vegetable systems in Victoria (Porter and Riches, 2016). Victorian trials
reported by them, showed great potential to reduce N inputs and to mitigate N2O losses by using
nitrification inhibitors on manures and fertilizers, compared to the standard grower practice, without
reducing yield. DMPP, and to a lesser extent 3MP/TZ, reduced N2O emissions by up to 64% over three
crops.
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Nitrification inhibitors, chemicals such as Dicyanimide (DCD) applied to paddocks to retard the
nitrification process in soil, are a mitigation practice that reduces pollutant loads. They can
potentially increase farm profit through promoting pasture production – and subsequent higher
stocking rates. However, a New Zealand dairy study showed there is little overall impact on profit.
Doole et al (2011) concluded that inhibitors can result in large reductions in nitrate leaching and
could become a critical mitigation practice for farmers if they had to reduce nitrate leaching.
A range of P-sorbing soil amendments have been trialled to ‘lock-up’ phosphate within soils.
McDowell et al., (2011) noted that sorbents can work around points like lanes, creek crossings, gates
and troughs. They recorded the following:
•
•
•
•

Mole or tile drains (especially if fed by macropores) can be filled or backfilled with P-sorptive
materials, resulting in gains in nutrient retention of up to 45%.
Alum (aluminium sulfate) is a P-sorbing agent which, if not washed off, decreases P loss by 3050%.
Red mud (Alkaloam) increases soil pH and decreases P loss (while increasing production) on
acidic, sandy soils.
Alum and polyacrylamide, have been trialled via spreading and in sediment traps. Savings of 5 –
20% were achieved when used in ephemeral drainage lines and in-field.

Fly ash, Fe gels, struvite and fluidised gas desulfurization gypsum have also been used. Psequestering materials can also be applied to lakes to manage P stores in sediments (Sharpley et al.,
2013). Steel melter slag and aluminium chlorohydrate have also been used as P-sorbing soil
amendments (McDowell et al., 2009).
PolyDADMAC is used as a coagulant in effluent treatment and in water purification, often as an
alternative to metal-based coagulants such as alum. It has been shown to remove orthophosphate
from solution, as a possible aid to combat the environmental risks posed by run-off following rainfall
or irrigation (Goebel et al., 2016). An Australian trial raised the prospect of using PolyDADMAC in
buffer zones, but the results were inconclusive (Churchman et al., 2007).
Weng et al., (2012) reported that soil pH, calcium concentration, and the presence of natural organic
matter affected the adsorption of phosphate to iron oxides, explaining some of the variability in
results of using ameliorants to lock-up P. An increase in dissolved organic carbon can more than halve
the amount of P adsorbed.
Vegetables WA reported that polyacrylamides (flocculants which bind soil particles, increase
infiltration, and reduce run-off) can reduce the leaching of nutrients from annual horticulture and
assist plant growth.
Sojka et al., (2000) reported that polyacrylamide (PAM) had resulted in decreased losses of sediment,
nutrients and pesticides in Australian tests, although the results were not as consistent as in the
United States. PAM is attracted to soil particles, stabilising soil structure which reduces erosion (and
nutrient loss) and increases infiltration. Reducing sediment in run-off is thought to also reduce the
risk of spreading soil-borne diseases like fusarium. PAM is able to reduce losses of coliform bacteria
in surface run-off, and can accelerate the settling of solids, and partially sequester micro-organisms
and nutrients, in animal waste lagoons. In Australian conditions PAM may be less effective in
irrigation waters with a high sodium adsorption ratio (SAR), and it could have less persistence due to
high UV levels.
Steel melter slag 'P-socks' placed in streams were effective at low flows. Steel slag backfill in tile
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drains decreased dissolved P loss by 90%, while Fe, Al, and Ca enriched coal fly ash decreased P
concentrations in overland flow (Monaghan et al., 2007). Egemose et al., (2012) reported laboratory
trials showing that crushed concrete could be an effective filter material to remove dissolved and
particulate P from urban or agricultural drainage water. P retention rates were highest at high pH
levels.
Salinity is often managed at a district or regional scale, especially in irrigation areas. Examples
include ground-water bores in the Macalister Irrigation District, salt interception schemes along the
River Murray, and irrigation drainage schemes with disposal to sealed evaporation basins. Each is a
part of a multi-scaled approach to tackling a district wide issue. There may be scope for district wide
approaches to the management of nutrients in drainage water from the MID. Using P-sorbent
materials to line drains could be one example, although no literature on the feasibility of such
measures has been cited in this review.
Alternatively, Cribb (2006) speculated on a future when nutrients may be harvested, e.g. from
drainage waters, and used to feed the growth of algae being farmed for oil production. Similarly,
algae could be grown for stock feed or heated in the absence of oxygen (pyrolysis) to release oils and
produce biochar. Reports such as those by Laurens (2017) and Lawrence et al., (2010) provide an
overview of the status and prospects of algal bio-fuels.
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7 Management Programs
In this section:
7.1 Management Change
Person
Property
Practices
7.2 Catchment Management
Environmental change
Evaluation
Program Components

7.1

Management Change

Programs to encourage changes in farm management practice often recognise three elements,
described in the Social Cognitive Theory Model as personal, environmental and behavioural factors
(ComGAP). For practical purposes they can be considered as:
•
•
•

Person (personal factors) – e.g. objectives, motivations, capacity, and sense of place.
Property (environmental factors) – e.g. physical attributes, management system, infrastructure,
and equipment.
Practice (behavioural factors) – e.g. trialability and relative advantage.

This theory suggests people may need support or resources to gain confidence before making a
change, that incentives may assist, and that it might be necessary to change the external
environment to encourage practice change.
As Monaghan et al., (2017) observed, programs promoting changed management to reduce nutrient
losses often face barriers of cost, compatibility with production systems, and uncertainty of actual
environmental benefits. These challenges stress the importance of having well designed change
management programs.
The role of regulations, as part of the external environment, should also be considered when
designing programs to promote changes in resource management. Producers can find it difficult to
adopt measures they see as being more sustainable (e.g. with water resource management) when
confronted by regulations to achieve different objectives (e.g. environmental flows). Regulations can
also dictate behaviours. As an example, tradeable permit schemes have been used overseas,
including in New Zealand to control nitrogen loads to Lake Taupo (DELWP, 2017).
A stocktake of industry, agency and regional NRM programs operating in the study area has not been
undertaken as part of this review. Nor has there been any effort to report on the current levels of
adoption of various management practices, using industry or government survey data.

Person
Seeing a problem or accepting a need for change, and believing a change will be effective and
provide net benefits, can be pre-cursors to change. The Theory of Planned Behaviour emphasises the
importance of intention for a person to change. In application, the theory highlights the value of
promoting positive attitudes toward a changed behaviour and of giving people confidence they have
the skills and resources needed to make a change (CommGAP).
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The Transtheoretical (Stages of Change) Model proposes that people move through stages, from precontemplation, to contemplation, to preparation, to action and then maintenance or termination. It
can be summarised as in the following diagram. The model emphasises the importance of a program
having materials and messages to reach people in each of the stages, and the occasional need for an
‘intervention’ to shunt people to another stage – e.g. a personal evaluation or an assessment, or an
awareness raising event (CommGAP).

Figure 20 Stages of Change Model; CommGAP

Coutts et al (2005) provide a useful categorisation of program delivery options, to match the
materials, practices and people involved:
•
•
•
•
•

Group Facilitation / Empowerment – helping groups to define their needs and to realise them.
Programmed Learning – providing targeted training programs and/or workshops.
Technology Development – the co-development of management solutions through trials,
demonstrations, field days and site visits.
Information Access – making information available to meet user needs in terms of content and
delivery, e.g. libraries, websites, and information centres.
Consultant / Mentor – one:one support ranging from one-off on-farm technical advice to
ongoing mentoring.

Page 65 of 80

Figure 21 Program delivery options; Coutts et al., 2005

Property
For a change in agricultural management to occur the new practice must fit with the production
system – either currently being used or about to be adopted – and the environment of the property.
In the Lake Wellington catchments there are changes occurring in landuses and production systems.
A shift from family run dairy businesses to corporate dairy and to vegetable production is underway
(Dickson, 2017). It will influence the nature of practices advocated and the delivery or extension
methods selected.
The local dairy industry typically has high stocking rates (around 2.13 cows/ha), and uses a mix of
irrigation practices – 64% use flood, 58% sprinklers and 20% centre pivots. Some producers
experience problems with water-tables reflected in salinity or wet-soils. Nutrient planning and
integrated effluent and water recycling systems are of interest, highlighting a need for new or
improved infrastructure, e.g. larger dams, extended pipes, and irrigation scheduling technologies like
timed pumps (Dickson, 2017). Soil health and increasing water-holding capacity are also issues for
producers.
Although new producers may be entering the industry, inter-producer competition is considered to
retard the sharing of information within horticulture (Dickson et al., 2017). The understanding of
technology and data can be challenges for producers, who must also be confident in their ability to
apply it before changing management practices.
Integrated systems (e.g. fertiliser and irrigation management) and precision farming can require new
machinery or infrastructure, high levels of automation, and sophisticated decision-making. The
training of producers and advisors, and on-going access to skilled advisors, or the development of an
easy-to-use App, may be needed for adoption to be widespread.

Practices
Pannell et al., (2006) highlight the importance of the trialability and relative advantage of a practice
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to its adoption. Kuehne et al., (2017) describe how factors such as those can be used to predict the
likely level of adoption of specified practices amongst specified target audiences. ADOPT, the
Adoption and Diffusion Outcome Prediction Tool, is a freely available software package which models
and applies Kuehne et al’s understanding of practice change. Through a series of questions about the
practice and target community it generates an adoption curve, predicting adoption levels and rates.

Figure 22 An Adoption Curve generated by ADOPT

The increasing technical complexity of irrigation systems is a challenge for dairy producers and
extension programs in Lake Wellington catchments. System layout and the design of channels, drains
and reuse dams, laser grading, sprinkler irrigation and automation were all of interest to farmers in a
consultation process, as was soil moisture monitoring and scheduling the timing, rate and duration of
irrigation. Under current systems, 69% of dairy irrigators rely on experience for scheduling (Dickson,
2017).
Targeted 'whole system' extension using 1:1, discussion groups, and on-farm demonstration may all
be needed, along with ways to celebrate farmers improving the Lakes (Dickson, 2017).
Water use efficiency is thought to be better in horticulture than in dairy, marked by little surface runoff occurring. There is some use of tape and drip irrigation systems – when compatible with harvest
methods. Fertiliser planning, e.g. plant tissue testing to determine needs, is of interest to producers,
as is soil health and soil carbon (Dickson et al., 2017). Producers have also raised the possible issue of
contamination of produce from using irrigation water containing pathogens.
Face-to-face (1:1) and discussion groups are favoured extension vehicles, along with single page
notes via email or the Infoveg newsletter, local bus tours or the annual horticulture conference
(Dickson et al., 2017).
The Stirzaker et al., (2017) and Blaesing (2010) references cited in the Management Practices section
of this document both stressed the importance of a holistic approach to the adoption of new
technologies and practices, and the importance of experimentation as part of the process. Australian
industry bodies, such as the Research and Development Corporations, can assist in such approaches.
They can be a ‘trusted source’ for producers. In any event, it is best to ensure that mixed messages
are not being directed to producers from different programs. Industry can sometimes provide data
on adoption levels for management practices as well.
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7.2

Catchment Management

Environmental Change
Following a review of measures used to quantify water quality changes due to programs promoting
changed management in agricultural catchments, Melland et al., (2013) reported that nutrient loss
mitigation measures had no measurable effect on water quality for 3 to 20 years after changes in
management – and that measured, beneficial effects usually came from a combination of measures
that address source, nutrient pathways, delivery and impact. These system-related aspects of
nutrient reduction need to be factored into programs seeking to advance changes in resource
management, and reinforce the value of a multi-layered approach to nutrient reduction targets.
Jarvie et al., (2013) concluded that phosphorus reduction programs in Europe and North America
had largely been unsuccessful in reducing the eutrophication of waterways and achieving targets
such as reductions in nuisance blooms of algae. This is in spite of programs having been successful in
reducing P concentrations and loads in run-off at a farm scale, and some even producing
improvements in river ecology. The reasons are more than difficulty in seeing trends through the
variability and complexity of catchments. They include:
•
•
•
•

Legacy P – response lags as landscapes continue to release P from accumulated stores.
Nutrient reductions failing to reach limitation thresholds for algal growth.
The decoupling of algal responses to P loading due to stressors, including physical-chemical and
biological factors – such as the release of legacy P from sediments.
Environmental recovery trajectories that may be non-linear, with ‘state-and-transition’ type
thresholds, and alternative stable states. They may differ from degradation trajectories.

The lack of clear environmental responses to nutrient mitigation programs is seen as a potential
challenge to retaining farmer goodwill, especially if management requirements put them at a
competitive disadvantage with producers outside the influence of such programs (Jarvie et al., 2013).
The authors suggest a more holistic approach is required, with a broader scope to pollution control
and the inclusion of river restoration (including functional food-webs) to promote resilient water
quality and ecosystem functioning.
A review of the Macalister Land and Water Management Plan concluded that actions that improve
irrigation efficiency, increase the re-use of irrigation drainage water and reduce runoff from irrigated
land must decrease phosphorous loads to waterways and ultimately to Lake Wellington. However,
given current knowledge and natural variability, it was not possible to quantify the reduction in
phosphorous loads achieved by plan implementation, or attribute any reduction to particular
actions. Nevertheless, the review concluded the Plan had been successful in reducing phosphorus
loads to Lake Wellington and made an important contribution towards achievement of the SEPP
(WoV) Schedule F5 phosphorus export target (Fitzpatrick et al., 2017).

Evaluation
Turral et al., (2017) noted that simple relationships between changes in management and nutrient
exports cannot easily be observed over the short term, due to the complexity of pathways, and
masking by variability in climate and economic factors governing fertiliser use. Improving the tracking
and reporting of practice change, and the benefits of extension activities, has been recommended in
regard to Lake Wellington catchments. It would help respond to those conclusions, along with an
evaluation of the farm incentives program (DELWP, 2017).
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For evaluation, and to guide future efforts, it is essential to explain the link between a program,
changes in management, and environmental benefits.

Program Intervention

Practice Change

Environmental Gain

The complexity of systems, high degrees of variability, and potential lags between each of those
steps makes it difficult to provide hard evidence. Clear logic and projections are essential to support
information from program monitoring. The use of ratios, or models if available, can help sort through
variability. A clear picture of current practice at the commencement of a program provides a firm
base for planning (e.g. identifying and quantifying target markets), as well as reporting change.
Considering the Gippsland Lakes, Harris et al., (1998) recommended the use of an integrated
catchment model to predict the impacts of management changes on the Lakes, as a basis for
measuring improvements. It was proposed that it consider things like flow control, catchment and
farm management, and urban issues of stormwater and sewage treatment.
Carroll et al., (2012) provide an overview of the ‘Paddock to Reef Program’ – an integrated, multiscaled mixture of trials, monitoring, and modelling - used to quantify the impact of changed land
management on water quality and the health of the Great Barrier Reef. The adaptive process uses
‘five lines of evidence’ to deal with issues such as the variability of the natural system and the time
lags involved in generating environmental improvement. The five lines are:
•
•
•
•
•

Effectiveness of management practices to improve water quality (including farm trials and
catchment monitoring),
Prevalence of, and changes in, specified management practices,
Long-term catchment water quality monitoring,
Linked paddock modelling (APSIM, GRASP and HowLeaky) and catchment modelling (Source
Catchments), and
Marine monitoring.

The modelling permits data to be normalised for seasonal climatic variability, and enables
assessments of progress against management action and water quality targets.
Examples like the Paddock to Reef Program (Australia) and the Conservation Effects Assessment
Project (USA - Mississippi), and the experiential learning through farm trials mentioned by Blaesing
(2010) and Stirzaker et al., (2017), show the type of long term, multi-faceted approach needed for
the implementation and evaluation of catchment programs. Funds may not be readily available for
such large programs in all regions, but elements of the approach may be feasible with collaboration
and planning between different organisations – and if it builds on infrastructure, programs and
models already available.

Program Components
The observations above highlight how important it is for programs aiming to improve catchment
health, by changes in resource management, to be based on strong science and have a good
understanding of the drivers of management change. They may need a long term, multi-tiered
approach to collectively address sources, nutrient pathways, delivery and impact.
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Successful programs include elements of the following, often provided by collaborating partners:
•
•
•
•
•

A foundation of environmental monitoring and research at various scales, including producer
involvement in experiential learning.
Strategic planning and coordination.
A mix of change-management components; communication, extension and incentives – often in
collaboration with industry bodies and their programs.
An understanding of the influence of any regulations.
Long-term, multi-tiered monitoring, based on clear logic (and modelled predictions if available),
to support analysis, evaluation and reporting.

Figure 23 Components of a successful program
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9 Appendices
9.1

Appendix 1. Modelled Catchment Contributions (Grayson, 2006)
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