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Executive Summary
This report describes the construction of spatially distributed sediment and nutrient budgets
for the catchments draining to the Gippsland Lakes using a combined approach of spatial
modelling and sediment tracing. This work was undertaken to assist development of
strategies for reducing delivery of sediment and nutrients to the Gippsland Lakes.
The modelling predicts the supply of fine sediment and nutrients to each link in the river
network and accounts for losses during delivery to the Gippsland Lakes in reservoirs and on
floodplains. The sources of fine sediment that are considered are:




hillslope erosion; this includes erosion of topsoil from forest and pasture;
gully erosion; this includes subsoil sources from erosion of ephemeral drainage
channels; in some regions it includes subsoil erosion by tunnelling.
channel bank erosion; this includes erosion of banks by undercutting, bank collapse and
stream scour.

For nutrients, both sediment-bound and dissolved sources of phosphorus and nitrogen are
assessed. The modelling is used to identify the relative importance of various erosion
processes and the spatial contribution of sub-catchments and land-uses to sediment and
nutrient export.
Sediment tracing has been used to assess the relative supply of sediment from each erosion
process at various points in the river network, and this information has been used to test and
calibrate the modelling. Where a difference between tracer measurements and model
predictions are seen a rational adjustment of some model input parameters has been made
to maximise agreement between the two methods. The modelling is also tested against
independent estimates of sediment and nutrient yield.
The results indicate that river bank erosion dominates the fine sediment yield delivered to the
Gippsland Lakes, amounting to 71% of the total fine sediment delivery. The proportion of
bank-derived sediment is higher in the western catchments (84%) compared to the east
(56%). Hillslope erosion of topsoil from forest and pasture is highest in the east (33% of total
sediment supply) and 22% when both east and west catchments are considered. Subsoil
sources originating from gully and tunnel erosion amount to 4% in the west, and 8% in the
east. The higher rate of subsoil erosion in the east is mainly due to tunnelling in the lower
Mitchell catchment which delivers between 7% and 15% of the sediment delivered to the
Lakes by the Mitchell River.
The major sediment sources in West Gippsland are predicted to be eroding channel banks of
the Thomson and Macalister Rivers, and the Latrobe River below Lake Yallourn. In East
Gippsland channel bank erosion along the Wonnangatta and Mitchell Rivers is the largest
sediment source.
Modelling of nutrient contributions to the Gippsland Lakes predicts that approximately 34% of
catchment-derived phosphorus is delivered in the dissolved form. Of the particulate-bound P
sources, 44% is predicted to come 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 spatial patterns of each source show strong variation in the areal intensity of contribution
to the Gippsland Lakes due mainly to variation in source intensity, but due also to losses
before delivery to the Gippsland Lakes. Therefore there is considerable potential for
maximising the reductions in export by targeting treatment measures to the areas of greatest
intensity of contribution to export.
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1. Introduction
1.1. Background
In their report assessing the options for improving the environmental condition of the
Gippsland Lakes and reducing the incidence of blue-green algae blooms Webster et al.
(2001) concluded that the water quality and ecological function of the Lakes could be
significantly improved by reducing input of suspended sediment and the nutrients nitrogen,
(N) and phosphorus (P). The suggested reductions were ~50% for the western catchments
and 10-25% for the eastern catchments. Following on from that study this report describes
research that is part of a wider effort to identify and manage the sources of sediment, N and
P in the catchments draining to the Gippsland Lakes.
This report concludes Phases 2 and 4 of the research project Determination of the sources of
sediment and associated nutrients to the Gippsland Lakes in which a combination of spatial
modelling and sediment tracer methods is used to provide our best estimate of major erosion
sources in the Lakes’ catchments. Phase 1 of this project described catchment modelling of
sediment and nutrient sources, sinks and fluxes in the Gippsland Lakes catchments using
the SedNet model (Wilkinson et al., 2005c). The modelling was based on as much regional
data as was available at the commencement of the project and the results were compared
with independent data on sediment yields. The outcomes of Phase 1 were used to guide the
sample collection for Phase 2 of the project, in which sediment and soil samples collected
from the catchment and rivers were analysed to characterise the tracer properties of the
sediment in the river network and the Lakes. Potential erosion sources were also
characterised. Phase 3 of the project provided information on rates of sedimentation in the
Gippsland Lakes prior to and since European settlement (Hancock and Pietsch, 2006).
Since Phase 1 was completed, several data sources for the model have been revised. This
report uses data collected in the previous three phases plus this additional data to provide a
refined and better constrained and evaluated estimate of sediment and nutrient sources to
the Gippsland Lakes.

1.2. Aims
The purpose of this report is to provide an assessment of the sources of sediment and
nutrients in the Gippsland Lakes catchments both spatially by construction sediment for
various sub-catchments, and by quantifying the contribution of various erosion processes
delivering the sediment to the stream network. This is done by drawing together the results of
spatial modelling with sediment tracer data. Estimates of sedimentation rates determined in
Phase 3 and other independent data on erosion rates and sediment yields are also
considered as part of the assessment.
It is anticipated that the report will assist development of management strategies to reduce
the delivery of sediment and nutrients to the Gippsland Lakes by providing an assessment of
the relative magnitudes and extents of the catchment sources and their delivery to the
Gippsland Lakes. To this end, spatial patterns in the contribution of each source are
presented, together with an assessment of the certainty of those patterns as determined from
tracer data and other sediment yield estimates.
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2. Characteristics of the Gippsland Lakes catchments
The features of Gippsland Lakes catchments have summarised by Aldrick et al. (1988).
Briefly, the catchments can be broadly separated into the western and eastern catchments,
with the rivers in the western catchment flowing into Lake Wellington, and those of the east
flowing into Lake King and Lake Victoria. The topography of the catchment is shown in
Figure 1 and reveals a clear distinction between steep headwater areas and lowland
floodplains. In general, the western rivers have much larger floodplain areas than the other
rivers.
Land use is shown in Figure 2 (after Sposito et al., 2000). Over one third of the catchment is
cleared, mostly for grazing of cattle and sheep. Higher stocking rates of cattle occur in the
higher rainfall areas to the west and in the Macalister Irrigation District where dairying and
beef production occur. Most of the pastures are improved by the application of fertiliser.
Cropping is mainly for vegetable production and stock feed. Potatoes are grown around
Thorpdale, south of Moe in the west, and other vegetables are grown on the alluvial flats
near Bairnsdale in the east. Much of the cropped area is irrigated. Forest covers nearly two
thirds of the Lakes’ catchments and occupies much of the upland areas. Approximately one
third of the forest is managed for conservation. Softwood plantations (Pinus radiata) occur
mainly in the western catchments.
Mean annual rainfall varies considerably with the uplands receiving three times more
precipitation than the lowlands. Rain shadows occur in some areas of the Macalister, Tambo
and Wonnangatta Rivers, and the lowlands between Traralgon and Bairnsdale. Seasonal
variation in rainfall is greatest in the uplands with a winter precipitation regime dominating.
Although 72% of stream flow occurs in winter and spring, there is a significant likelihood that
heavy rainfall and subsequent flooding in the Gippsland river systems can occur in summer.
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Figure 1: Hill-shaded Digital Elevation Model of the Gippsland Lakes catchments
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Figure 2: Land use in the Gippsland Lakes catchments.
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3. Methods
3.1. SedNet modelling of sediment and nutrient budgets
3.1.1. Introduction
Sediment and nutrient budgets for the Gippsland Lakes catchments were modelled
using the SedNet model which constructs sediment and nutrients budgets for river
networks that represent the major sources, stores and fluxes of material (Prosser et
al., 2001). The river network is divided into a series of links which are the basic unit
of calculation for the sediment and nutrients budgets. A link is the stretch of river
between adjacent stream junctions. Each link has an internal sub-catchment, which
is the catchment area added to the link between its upper and lower nodes (Figure
3). Each term in the budget is assessed for each link in the river network using
mathematical equations to describe sediment transport and deposition. The
parameters used in the equations are determined from global information system
(GIS) datasets and field data.

4

1
3
2

1

1

1

Figure 3: Link node network used in SedNet, showing link Shreve magnitude, and subcatchments for first and fourth order links.

The model and the input data sets used here are an extension and improvement on
those used in the National Land, Water and Rivers Audit (NLWRA) since many of the
datasets used here provide higher resolution than those applied in the NLWRA. The
model is parameterised to best represent conditions in recent decades
(approximately 1975–2005) as opposed to the 100 year timescale of the NLWRA.
Complete mathematical descriptions of the model algorithms are available in
Wilkinson et al. (2004).

3.1.2. Suspended sediment budgets
Sediment inputs to each link are determined from the hillslope erosion, gully erosion
and riverbank erosion, and from upstream tributaries (Figure 4). The sediment
supplied by these sources is then either deposited within the link or transported
downstream. This process is carried out in each river link working from the top of the
catchment to the bottom, with the final link giving the mean annual export load from
the whole catchment. An advantage of this spatial budget approach to estimating
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sediment exports is that the predicted sediment load can be tracked back upstream
in the model to identify its origins.
Bedload and suspended sediment loads are treated separately in the model. Gully
and riverbank erosion are nominally assumed to supply 50% of their sediment to the
bedload budget (coarse sediment) and 50% to the suspended load budget (fine
sediment), although this ratio is adjusted where measurements indicate a different
ratio (see 3.1.6 below). Hillslope erosion is assumed to supply only suspended (fine)
sediment to the sediment load budget, a reasonable assumption given the fact that
only a small proportion of hillslope sediment mobilised during rainfall reaches the
stream lines, and that this sediment is likely to represent the finest sediment fraction.
No bedload data are given in this report. Only suspended sediment modelling is
described.

Hillslope
erosion (t/y)
Tributary supply (t/y)

HSDR

Riverbank
erosion (t/y)

Floodplain area

Gully
erosion (t/y)

Downstream
yield (t/y)

Figure 4: Conceptual diagram of the SedNet river sediment budget for one river link.
HSDR is hillslope sediment delivery ratio.

3.1.3. Defining the river network and associated catchments
The river network and associated internal catchment areas were defined using a 20m
digital elevation model (DEM). This network was checked and modified as necessary
using topographic stream network maps, a process sometimes necessary in low
relief floodplain areas. Each link in the river network was defined as beginning at a
catchment area of 20 km2. The value of the link area was selected to limit the
number of links across the assessment area, while providing a good representation
of the channel network. First order links shorter than 1km long are removed to
simplify the stream network.

3.1.4. Hillslope erosion
Sediment input from hillslope erosion is estimated using the Revised Soil Loss
Equation (RUSLE; Renard et al., 1997) as applied in the NLWRA (Lu et al., 2001; Lu
et al., 2003). In areas affected by the 2003 bushfires the predicted hillslope erosion
rate was doubled to represent the erosion rate over the 5 years post-fire up until
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approximately 2008; after this period it can be expected that hillslope sediment yield
from burnt areas will return towards pre-fire levels. The factor of 2 was specified to
represent an average over this period, based on studies in the Blue Mountains
(Wilkinson et al., 2006a), the Ovens catchment (DeRose et al., 2005a) and is
consistent with a 1.5–3 times increase calculated for headwater streams following the
Victorian fires (Lane et al., 2006). The adjustment enabled comparison between
SedNet predictions and tracer properties of sediment sampled for this study in 2003–
2005.
Typically, very little of the total amount of soil eroded from the hillslope is delivered to
the stream network; most of the sediment is trapped on the hillslope. The extent of
this trapping is represented by the hillslope sediment delivery ratio (HSDR). Yields
from catchments dominated by hillslope erosion indicate that 5–10% is an
appropriate value for hillslope delivery in southern Australia (Prosser et al., 2001).
The value applied in the Gippsland Lakes catchments was refined using sediment
tracing data as described later.

3.1.5. Gully and tunnel erosion
Gully erosion
Gully erosion is defined as incision and erosion of drainage lines since European
settlement. In particular, gully erosion represents erosion of drainage lines that are
not represented on the modelled stream network due to their small catchment areas.
Sediment supply from gullies is calculated as the product of gully length, average
cross-sectional area (10 m2) and average dry bulk soil density (1.5 t m -3), divided by
the time over which gullies have developed (100 years). This provides a 100 yr
average for the supply of sediment from gullies. There is some evidence to suggest
that in general, gully activity in south-eastern Australia has declined since the initial
rapid growth of gullies (Rutherfurd, 1994; Wasson et al., 1998; Rustomji and Pietsch,
2007). To reflect this and provide a contemporary estimate of gully sediment yield
the long term average suspended sediment generation calculated from the NLWRA
gully data was reduced by 50%.
The spatial pattern of gullies in the Gippsland Lakes catchments was derived directly
from a gully map of Victoria produced by Lindsay Milton and others in the 1960’s
(Ford et al., 1993). Gully density in the Gippsland catchments appears to be low
compared to other areas of southeastern Australia but it possible that the gully
mapping we have used underestimates the extent of gully erosion in some areas.
Rutherfurd (1994) reports on sediment volumes supplied from gully erosion in a
region of the Latrobe catchment (Table 1 and Figure 5) and this information was
added to the other gully data.
Table 1: Sediment volumes delivered to the Latrobe River (after Rutherfurd, 1994)

Creek Name

Average Volume exported
to Latrobe River (m3 y-1)

Rintoul Creek

3463

Eaglehawk Creek*

9112

Fells Creek

2576

Flynns Creek

1220

*Eaglehawk Creek includes Stoney and Yorkies Creeks
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Figure 5. Gullied streams (named) in the Latrobe catchment, from Rutherfurd (1994)

Tunnel erosion
Tunnel erosion is defined as the subsurface scouring of hillslope subsoil, and it is
sometimes severe where highly erodable subsoils are found. These soils are
dominantly fine-grained (more than 50% by mass is <10µm), and they are rapidly
dispersed when wetted and mobilised. Thus they have the potential to be a
significant source of fine sediment to the Lakes. Tunnel erosion is often the precursor
to gully formation and specific areas have been identified in the lower Mitchell and
Tambo catchments where this form of erosion is considered significant. These occur
in the Glenaladale, Mt. Taylor and Bruthen regions (source P. Robinson, Department
of Primary Industries, State Government of Victoria).
From the results of monitoring work undertaken by DPI Victoria the rate of tunnel
erosion in “severely affected” regions is estimated to be 1.1 m3 ha yr-1, or 1.6 t ha yr-1.
This rate was determined a using a silt fence to trap sediment eroding from a pasture
hillslope in the Glenaladale region of the lower Mitchell catchment. The hillslope was
assessed as having “severe” tunnelling. In the model we have assumed that a lower
“moderately affected” rate of 0.54 t ha yr-1 (as defined by DPI Victoria) applies to all
the susceptible regions shown in Appendix C, Figure C2, (total affected area =
15,000 ha), providing a total erosion source of approximately 8 kt yr-1. Using the
transport and deposition algorithms incorporated into SedNet ~3 kt yr-1 of this soil is
deposited during transport and ~5 kt yr-1 is predicted to be delivered to the Lakes.
Tunnel erosion is represented within the gully erosion component of the sediment
budgets.
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3.1.6. River Bank Erosion
Although it is known that degradation of riparian vegetation, drainage schemes and
other impacts on rivers have resulted in greatly increased rates of riverbank erosion,
there remains little data on the rates of river bank erosion and the environmental
factors controlling those rates. The NLWRA used an empirical rule for meander
migration and bank erosion proposed by Rutherfurd (2000) following a review of
global literature. This rule has since been modified to better reflect the observed
pattern of historical river widening in Australian rivers (DeRose et al., 2005b). The
new rule predicts the mean annual bank erosion rate along a river link x ( BE x , m
yr-1) as a function of stream power, and the proportion of erodable banks along the
link, as given by

BE x = 0.0002 ρgQbf S x E x

(1)

where ρ is the density of water, g is the acceleration due to gravity, Qbf is bankfull
discharge, S x is the river bed slope, E x is the proportion of the river link with
erodable soil (described below). Bankfull discharge was estimated as equivalent to
the 1.58 year recurrence interval discharge on the annual maximum series. River bed
slope was measured directly from the 20 m DEM. The coefficient 0.0002 was
calibrated to produce bank erosion rates consistent with rates measured from
historical plan surveys (see Results).
The riparian zone for each link is divided cell-by-cell into three proportions, with bank
erosion being calculated differently in each:


Erodable soils and non-vegetated; Equation 1 rate applied



Erodable soils and vegetated; 5% of Equation 1 rate applied



Non-erodable soils; zero bank erosion

The riparian zone is defined as a 40m strip either side of the channel margins.
Erodable soil in the riparian zone is identified using the Multi Resolution Valley
Bottom Flatness (MRVBF) terrain analysis technique, which predicts the presence of
depositional soil at the same resolution as the DEM (Gallant and Dowling, 2003). A
minimum cell value of 1.5 was used to represent depositional soil (Gallant and
Dowling, 2003). The absence of depositional soils (MRVBF <1.5) is assumed to
indicate rocky terrain.
Clearing of riparian vegetation makes the channel banks more susceptible to mass
failure (Abernethy and Rutherfurd, 2000), fluvial scour (Hickin, 1984; Prosser and
Hughes, 2000), or catastrophic erosion during floods (Brooks and Brierly, 1997;
Brooks, 1999), although ascertaining the relative rates of bank erosion with and
without vegetation is difficult. Riparian vegetation is estimated from tree cover
determinations using a Bureau of Rural Sciences 25 m dataset. Satellite imagery
indicated this dataset was superior to the TREEDEN25 Victorian SPOT-derived
dataset in some areas.
The rate of sediment supply from bank erosion along each river link is expressed in
units of tonnes per year, by multiplying BE x by the length of the river link, the height
of the bank (based on a catchment area regionalisation using data from Drummond
(1985) and the dry bulk density of sediment (1.5 t m-3).
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The unit surface area per kg is highest for fine sediment and so almost all particulateattached nutrients are associated with fine sediment. The suspended sediment
budget represents fine silt and clay-sized sediment grains.
Only the fine (silt and clay-sized) sediment grains in bank material is considered to
contribute to the suspended sediment budget. Fine sediment is defined as the
proportion of sediment below a particle size threshold of 63 µm. The proportion of
fine material in river banks was set by considering the fraction of bank soil and
deposited sediment measured to be <63µm (western catchments 47±9% fine, n = 10
and eastern catchments 32±3% fine, n = 36). These measurements agree well with
independent data from the ASRIS grid of sub-soils for the Gippsland region, which
indicates a fine soil content of approximately 35-50% in western Gippsland
catchments and 20-40% in the eastern catchments. Accordingly, for modelling
purposes we have set the proportion of fine sediment in bank material to 50% in the
western catchments (Latrobe, Avon) and 35% in the eastern catchments (Mitchell,
Nicholson, Tambo).

3.1.7. Hydrology
Runoff from each sub-catchment is predicted using regionalisation relationships that
are fitted to observed runoff from 57 non-regulated gauged catchments throughout
the Gippsland Lakes catchments, together with grids of mean annual rainfall and
potential evapotranspiration. The runoff volume is then accumulated through the river
network. For links downstream of reservoirs, the regionalisations are modified to
reflect contemporary changes in flow volume and variability. Four flow measures are
regionalised (for different terms in the sediment budgets); mean annual flow
(reservoir deposition), daily flow variability (bed material transport), bankfull flow
(bank erosion), and median overbank flow (floodplain deposition). Further details on
the regionalisation methods are described in Wilkinson et al. (2004) and Wilkinson et
al. (2006b).

3.1.8. Floodplain deposition
Deposition of suspended sediment becomes significant when flows spread onto
floodplains, or enter reservoirs, because flow velocity is greatly reduced in these
environments. The amount of deposition on a floodplain depends upon the sediment
concentration of flood flows, the proportion of total flow that is delivered over-bank
and the residence time of water on the floodplain (Wilkinson et al., 2004). Some
rivers have narrow floodplains with deep, fast overbank flows providing short
residence times of water and little opportunity for deposition. Others have broad open
floodplains on which water can sit for several weeks, providing greater opportunity for
deposition. Floodplain extent was estimated using a modification of the Multi
Resolution Valley Bottom Flatness (MRVBF) terrain analysis technique (Gallant and
Dowling, 2003).

3.1.9. Reservoir deposition
Sediment deposition in reservoirs is a function of an empirical rule based upon the
mean annual inflow into the reservoir and its total storage capacity (Heinemann,
1981; Wilkinson et al., 2004). The reservoir capacities applied and construction dates
are given in Table 2.
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Table 2: Reservoir construction dates and capacity

Reservoir

Construction date

Capacity
(gigalitres)

Thomson

1983

1122

Yallourn

1961

8

Blue Rock

1984

200

Moondarra

1961

30

Lake Glenmaggie

1927

190

3.1.10. Nutrient budgets
The nutrient budget model (Annual Network Nutrient Export – ANNEX), works in
conjunction with SedNet to predict the average annual flux of P (phosphorus) and N
(nitrogen) in each link of the river network (Young et al., 2001; Wilkinson et al., 2004).
For each link, ANNEX determines values for the sediment-bound and dissolved
nutrient inputs from the immediate catchment of the river link. The model then routes
nutrient loads through the river network estimating the losses associated with
floodplain and reservoir deposition, and dissolved nutrient dynamics.
The nutrient sources considered are N and P attached to sediment particles eroded
from hillslopes, gullies and river banks, and dissolved N and P in runoff water.
Suspended nutrient supply from hillslope erosion is calculated as the product of the
hillslope sediment yield multiplied by the nutrient concentration of this sediment. This
latter concentration is determined for each sub-catchment from the soil clay
proportions and nutrient concentration for P and N extracted from the Australian Soil
Resource Information System (ASRIS). Suspended nutrient supply from riverbank
and gully erosion is calculated as the product of their sediment supply times the soil
nutrient concentration. The soil nutrient concentrations for each source are described
in Table 3. The fine sediment concentrations of P and N were taken as the average
of measured values for bank sediment samples (n=15) and gully/tunnel samples
(n=10) collected during the project.
Table 3: Nutrient concentrations of particulate nutrient sources. The basis for each
value is discussed in the text.

Hillslope erosion

N concentration
(g kg-1)
Spatially variable (1–5)

P concentration
(g kg-1)
Spatially variable (0.03–1.5)

Gully/tunnel erosion

1.0

0.25

Bank erosion

1.0

0.50

Fine sediment source

Dissolved nutrient supply from surface and sub-surface runoff are determined as the
sum of the supply from each of the major contributing land uses within a catchment
link. The supply from each land use is calculated as the product of the typical nutrient
concentration in runoff multiplied by the mean annual volume of runoff. Runoff from
irrigation drains was not considered separately in this analysis. The concentrations of
soluble N and P are normally assessed from gauging station records and small scale
catchment nutrient studies for regions with a single dominant land use. In this study
the dissolved runoff concentrations for each landuse were taken from previous
ANNEX modelling in the Latrobe and Goulburn-Broken catchments (Table 4). These
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values were mapped to the catchment using landuse data as described by Sposito et
al. (2000). Because these concentration values are applied to the total runoff volume,
they are generally slightly lower than the event mean concentrations applied in
Grayson and Argent (2002). Given the focus of the project on sources of sediment
and attached nutrients, the assessment of dissolved nutrient sources provided is not
intended to be definitive but to enable approximate comparisons with particulate
nutrient sources.
Additional point sources of dissolved N and P such as sewage treatment plants are
also considered. Point sources of nutrients are obtained from the national pollution
inventory (NPI) for the 2004 reporting year. The NPI provides nutrient discharges
from industrial and other urban point sources. The total P and total N point sources
listed in Table 5 are supplied to the nutrient budgets of the nearest stream link. Note
that many total P outputs from these point sources were not reported and values of
zero have been used in the model. Based on the ratio of total N to total P given for
typical sewage treatment plans and the Maryvale Mill we estimate that total P may
have been underestimated by about 4000 kg (4 tonnes). This omission is small
compared to the total P fluxes to the Gippsland Lakes (174 t yr-1, see section 5, Table
15)
Nutrient sinks within the river network include deposition on floodplains and in
reservoirs deposition of nutrients attached to fine sediment (Wilkinson et al., 2004),
and in-stream processing of dissolved nutrients including de-nitrification and reservoir
losses (Wilkinson et al., 2004; Cogle et al., 2006).
Table 4: Concentrations of dissolved nutrients in surface runoff (Bormans et al., 2004;
Wilkinson et al., 2005a).

Land use

Dissolved N

Dissolved P

(µg L )

(µg L-1)

National parks, forestry

287

4

Livestock grazing,
grasslands

510

8

Mines, quarries

800

8

Cropping

500

22

Irrigated cropping

1350

320

Dryland improved pastures

700

210

Irrigated improved
pastures

1125

500

Urban and industrial areas

3450

605
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Table 5: Annual point source inputs of nutrients to the river network.

Total N

Facility

-1

(kg yr )

Warragul Wastewater Treatment Plant

Total P
(kg yr-1)

519

na

17200

na

384

na

35

na

Yallourn Power Station

27000

na

Maryvale Mill

40300

3320

1670

na

Moe Wastewater Treatment Plant
Morwell Wastewater Treatment Plant
International Power

Bairnsdale Wastewater Treatment Plant
na: data not available

3.1.11. Contributions to export accounting for delivery through the river
network
Because of sediment deposition on floodplains and in reservoirs and uptake of
dissolved nutrients by biota not all sediment and nutrients from each source are
exported to the Lakes. The amount of sediment or nutrient from each sub-catchment
that is delivered to the Gippsland Lakes after accounting for losses in transport is
defined as the “contribution” of the sub-catchment to export (Prosser et al., 2001; Lu
et al., 2004; Wilkinson et al., 2005d). To predict the spatial patterns of contribution to
export we calculate the proportion of the suspended sediment and nutrients supplied
to each link x that reaches the catchment outlet. This represents a delivery ratio for
the river network RDRx , shown in Equation 2, where n is the number of links
between link x and the catchment outlet, Sup x is the total supply to a link from local
sources in the sub-catchment S x and upstream tributaries Tx and Yx is the yield
from the downstream end of the river link after the loss terms in the link budget have
been subtracted from Sup x . Separate RDRx values are calculated for particulate
sources accounting for floodplain and reservoir deposition and for dissolved sources
accounting for losses in reservoirs and the river network.

RDRx =

Yx
Y
Y
× x+1 × ... × n
Sup x Sup x+1
Supn

Cont x = RDRx ×

Hx
Ax

(2)

(3)

A consequence of Equation 2 is that, all other factors being equal, the greater the
distance a sub-catchment is from the catchment outlet the lower the probability of
sediment reaching the outlet. This behaviour is modified by spatial differences in
loss terms; for example large floodplains trap more sediment than small floodplains.
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The contribution to export ( Cont x ) of each source (e.g., hillslope erosion) in a subcatchment is determined by multiplying the supply from that source in the subcatchment (e.g. H x ) by RDRx ; the probability of that material being delivered
through the river network to the catchment outlet. The contribution is expressed per
unit area (or length for bank erosion) by dividing contribution by sub-catchment area
Ax (or link length for bank erosion), as given by Equation 3 for hillslope sediment.
The results of the sediment and nutrient budget modelling are presented in Section 4
as tables of contribution from each source to the Gippsland Lakes, accounting for
losses within the catchments.

3.2. Sediment tracer methods
3.2.1. Caesium-137
Cs-137 has a half life of 30 years and is found in the natural environment as a
consequence of above ground atmospheric nuclear detonations that occurred
between the early 1950’s and 1974. The nuclide was injected into the stratosphere
re-entered the troposphere from where it returned to the earth’s surface principally by
rainfall. Upon reaching the soil surface 137Cs strongly attaches itself to soil particles,
particularly the fine clay fraction. In undisturbed soils the 137Cs profile generally
shows a maximum concentration slightly below the soil surface (~20-30 mm) from
where it tails off to detection limits at ~150–200 mm depth (Wallbrink et al., 1999).
Thus surface soil exposed to the atmosphere during the period 1950-1974 has high
levels of 137Cs activity in the upper 20 mm, whereas soil from gully and riverbank
erosion comprising mainly subsoil is expected to have zero or low 137Cs activity. Due
to solubilisation of 137Cs and disturbance of topsoils by natural processes (insect
activity and plant growth) 137Cs has migrated downwards in topsoil layer over the last
50 years. In most undisturbed soils this migration is mostly limited to the top 5-10 cm
of soil, with most activity being in the top 5 cm. Our sampling protocol and definition
of topsoil corresponds to the upper 2-3 cm.

3.2.2. Lead-210
Pb-210 (half life 22 years) is part of the 238U decay series and is present in all soils
and rocks. In surface soils 210Pb has two source components: the first is formed from
decay of 226Ra through a number of short lived gases, the longest of which is 222Rn,
to form in-situ or ‘supported’ 210Pb in the soil. The second component is formed when
some of the 222Rn escapes into the atmosphere where it also decays to 210Pb
(Turekian et al., 1977) and subsequently returns to the earth’s surface in association
with rainfall and dust particles. On reaching the earth’s surface it becomes rapidly
attached to soil and organic particles. It is this second fallout component that
comprises the excess or unsupported 210Pb activity seen in soils and sediments. In
undisturbed soils most of the excess 210Pb (210Pbex) is held in the upper 3 cm of the
soil profile.
Fallout 210Pbex is an ideal tracer of soils and sediments because it is generally
chemically immobile in the environment and for a given site it has approximately
constant input. Pb-210 is frequently used for dating sediment layers deposited up to
around 100-150 years before present and has also been used as the basis of
shorter-term soil redistribution in harvested forests (Wallbrink et al., 2002). The
principle is the same as with the application of 137Cs, and is based on knowledge of
erosion sources, rates of sediment transport and storage and losses from the
system. Recent applications of 210Pbex as a tracer include the combination of 137Cs
and 210Pbex to assess sources and redistribution patterns of sediments in Western
Port Bay, Victoria (Wallbrink et al., 2003), and to trace pollutant sources in the
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Wingecarribee Catchment, Sydney (Olley and Deere, 2003). Conjunctive use of 210Pb
with 137Cs can also provide a greater level of source discrimination than the
application of a single tracer.

3.2.3. Major and trace element geochemistry
While fallout radionuclides can be used to identify the proportions of sediment from
surface and sub-surface erosion processes, sediment geochemistry encompassing a
broad range of major and trace elements can be used to determine the proportions of
downstream samples derived from areas of different geology in the catchment (Olley
and Deere, 2003; Wallbrink et al., 2003). This is done using a mixing model to unmix
sediment and soil sources from samples collected downstream of their points of input
to the river. Because of the large catchment areas and multiple geochemical
elements involved there can be considerable variability within the geochemical
signature of different source geologies. For this reason a Monte-Carlo type mixing
model was used to randomly compare different combinations of source samples with
the downstream sediment mixture and determine the likely source contributions.
Where the source sediment geochemistry could be clearly differentiated the
measured source contributions were compared with those predicted by the modelled
sediment budget, as described in Section 4.2.3.
The Monte-Carlo mixing model randomly selects a single sample from each source
and mixes them, repeating the process 1500 times. For a mixture of 2 sources, the
concentration of each element in the resulting mixture Cm is determined using the
following equation:

Cm = TiA RA + TiB RB

(4)

where TiA and TiB are the randomly selected concentrations of tracer i in sources A
and B. RA and RB are the relative proportions of the tracers in the two sources such
that
RA + RB = 1
and

0 ≤ R ≥ 1.
The best estimate of the relative contribution from each source to the marine
sediments is obtained when

n



i =1



 Cm − CLM  

 CLM  

∑ ABS 1 − 

(5)

is minimised. Cm is the average of the 1500 calculated mixtures and CLM is the
average of the lower Mitchell sediments.
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3.2.4. Soil and sediment sampling
River sediment
Samples were collected with a view that they should represent sediment transported
during moderate to large flow events. The focus was on fine-grained sediment (mud)
rather than coarse sediment (sand) for three reasons;
1. Fine-sediment is known to carry much higher concentrations of nutrients and
other contaminants.
2. Fine sediment is the size fraction preferentially delivered to the Lakes. Particle size
analysis of sediment in the Gippsland Lakes has shown that ~90% by weight is less
than ~10 µm.
3. Measuring tracer properties in a narrow particle-size range enables a better
comparison of the properties of river sediment and soil sources because it reduces
concentration variations associated with variable particle surface area and
mineralogy. Previous work has shown that concentration variations of fallout tracers
and major and minor elements within the <10 µm size fraction to be small.
For reasons given in 2 and 3 above all tracing work was undertaken on the <10 µm
fraction. The separation procedure used to recover this fraction is described Section
3.2.5 below.
Where possible, in-channel sediment from rivers and streams was collected from
beneath the river water using an Eckman Grab sampler. However at many sites
instream sediment was found to consist of mainly coarse sand, with little or no mud.
During low river flow in-stream mud deposits associated with recent high flow events
were sometimes identified and sampled, as were fresh over-bank flood deposits.
These high deposits often took the form of perched material deposited at peak flow
on tree branches, rock cavities, logs and bridge support structures (Figure 6). At
each site many small samples were taken along a river reach (~200–300 m) and
combined to provide a robust representation of the sediment properties. At some
sites two or three river reaches were sampled and combined.
On two occasions, once in West Gippsland and once in the East, in-situ sampling of
a minor flood event was undertaken by pumping water from the river through a
continuous flow centrifuge (CFC, Figure 7). Water was continuously pumped directly
from the river through the centrifuge for a period of about one hour. The rapid
centrifugation allowed the separation of suspended sediment and river water,
resulting in the extraction of tens of grams of sediment from many hundreds of litres
of water. This technique allowed the sampling of discrete flow events transporting
present-day suspended sediment.
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Figure 6: Perched river sediment deposited during recent high flow events.

Figure 7: The continuous flow centrifuge (left) used to remove suspended sediment
from river during high flow events. Water is pumped directly from the river (right).

Soil samples
Topsoil samples were collected from hillslopes, including forested regions and
pasture. A map showing the location of sampling sites is given in Figure 8. The
hillslope samples were collected from areas where obvious soil mobilisation and
transport was occurring, such as drainage lines separating hillslopes, or animal
tracks. Photos showing a selection of erosion source sampling sites are provided in
Appendix A. In order to provide the best representation of the sources many (up to
30) small soil samples were collected at each site and combined. Samples from four
or more sites, generally within a few km’s of each other were then combined into a
single sample. Between 4 and 10 samples were used to characterise each source.
Channel bank samples were collected from the full vertical exposure of the eroding
face of the bank. As for hillslope soils four or more bank samples were combined for
analysis. Gully and subsoil samples were collected from the debris trails of sediment
down-slope from the erosion source. Additional archived samples collected from
subsoil pits dug in the region prone to tunnelling were also used to characterise
subsoils of that region. These were provided by J. Sargant and D. Crawford
(Department of Primary Industries).
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Figure 8. Soil and sediment sampling locations.

3.2.5. Sample analysis
For reasons given above, all soil and sediment samples analysis were undertaken on
the <10 µm size fraction. The particle size fractionation procedure is shown below
(Table 6) and involved standard wet sieving and settling procedures. When dry the
<10 µm sample was ground in a ring mill and analysed by gamma spectrometry
(Murray et al., 1987). This procedure involved mixing a known weight of sample with
a polyester resin and forming it into a known geometry. The radioactivity of the
sample was measured using high-purity Ge detectors. The nuclides measured
include 238U, 226Ra, 210Pb, 228Ra, 228Th and 137Cs.
A sub-sample of the dried ground sample was also analysed by X-ray fluorescence
(XRF). This method involved fusing the sample into a glass disc using a Li-borate flux
(Norrish and Hutton, 1969) and analysed using the method of Norrish and Chappell
(1977). Approximately 30 major and trace elements are measured.
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Table 6: Sample preparation method for sediment tracer analysis.
1

Take approximately 4 kg of the bulk sample

2

Take sub sample and store

3

Particle size the remaining bulk sample to <10 µm, ie. Using wet sieving
method with nylon sieves and mechanical shaker, sieve to separate the
>63µm and <63µm fractions, then take the <63 µm fraction and settle out
the <10µm fraction leaving the 10-63µm fraction remaining

4

Settling times @ 200C: 10µm = 48 minutes (Stokes law)

5

Dry each size fraction @ 50 C weigh and record masses

6

Sub sample1cuvette (~6 grams) of the <10µm particle size from each
sample for mineral magnetic analysis

7

Sub sample 6.5 grams of the <10µm particle size from each sample for
XRF analysis

8

Sub sample 3 grams of the <10µm particle size from selected samples for
organic carbon analysis

9

Ash enough of the remainder of the <10µm particle size @ 450 C to
prepare for gamma analysis then calculate and record the LOI%

10

Prepare the <10µm particle size for gamma analysis

0

0

3.2.6. Erosion source characterisation using surface tracers
Three tracers of surface soil were identified as providing discrimination of erosion
processes (sources) leading to sediment delivery to the Gippsland Lakes. Two of
these, 137Cs and 210Pbex, are described above. Also included is phosphorus
(expressed as percent by mass P2O5). The mean tracer properties were determined
for the <10 µm fraction of sediment sources (selected to avoid particle sorting effects
as noted above), including hillslope soils from forests and pasture, soils under
cultivation, riverbank sediment, forest road surfaces and tunnel subsoil. In applying
these tracers, 210Pbex is only used where the sediment sample was collected from
beneath base flow river level. This is because deposited sediment directly exposed to
rainfall can accumulate 210Pbex, overestimating the topsoil source component of the
sediment.
Mean tracer values used to characterise erosion sources are given in Table 7 and
plotted in Figure 9, with the standard error on the mean given in brackets in Table 7,
and expressed as error bars in Figure 9. These source tracer concentrations were
used as representative values and applied to the SedNet sediment budget
predictions such that concentrations of sediment tracers are calculated throughout
the river network. These predictions were then compared with the average measured
sediment tracer properties of the <10 µm sediment fraction of river sediment which
was measured at the downstream end of a number of creek and river subcatchments from deposited sediment and suspended (CFC) sediment samples.
Tracer concentrations
In general 137Cs and 210Pbex are highest in forest topsoil of East Gippsland. 137Cs in
pasture is lower, presumably due to the greater disturbance of the surface soil such
that it has been mixed downwards. The 210Pbex activity is the same for both forest and
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pasture, although once again the West has lower values than the East. As expected,
no 137Cs signal is seen in subsoil, however 210Pbex shows a negative value in tunnel
subsoil (East Gippsland). A small but significant 137Cs activity is seen in the channel
bank soil. This is almost certainly due to the 137Cs in the uppermost 10 cm of the
eroding bank being diluted with deeper 137Cs -free soil to produce a low but finite
value.
Phosphorus levels are highest in pasture and cultivated soils (0.44%), and lowest in
subsoils. Note that these concentrations refer to the <10 µm particle size fraction of
sediment only, which is used for tracing purposes to avoid the effect of changes in
particle size distribution due to transport. Concentrations in the bulk soil would be
much lower.
Table 7: Tracer values used to characterize erosion of <10 µm sediment. Mean values
are shown, with the standard error on the mean given in brackets.

Catchment/source

137

210

Cs

No. of
samples

Pbex

-1

P2O5

-1

(Bq kg )

(Bq kg )

(%)

West Gippsland
Forest topsoil

7

15.7 (2.2)

59.4 (9.0)

0.14 (0.02)

Pasture topsoil

6

6.4 (0.9)

59.2 (7.1)

0.44 (0.07)

Channel Bank

15*

1.0 (0.6)

0 (3.6)

0.22 (0.03)

Subsoil

3

0

0

0.05 (0.01)

Cultivated soil

3

3.6 (0.3)

-3.9 (0.7)

0.55 (0.03)

Forest topsoil

9

19.0 (3.3)

134 (35)

0.21 (0.04)

Pasture topsoil

6

12.7 (1.2)

121 (16)

0.44 (0.05)

Channel Bank

15*

1.0 (0.6)

0 (3.6)

0.22 (0.02)

Subsoil

7

0

-21.0 (6.8)

0.06 (0.005)

Cultivated soil

4

2.9 (0.3)

-6.9 (2.4)

0.43 (0.03)

Forest roads

6

1.1 (0.4)

19 (5)

0.15 (0.03)

East Gippsland

* channel bank samples were averaged across East and West Gippsland
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Figure 9: Plots showing the surface tracer concentrations in <10 µm soil from various
land-uses (data from Table 7). Left: excess 210Pb against 137Cs. East Gippsland source
symbols are square, and West Gippsland sources symbols are circles. Channel bank
measurements are averaged over both East and West Gippsland. Right: P2O5
concentrations. Again, channel bank measurements are taken as the average of both
East and West Gippsland measurements.
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4. Sediment budget results
This Section presents the results of SedNet modelling and examines the measured
tracer values. In Section 4.1 the modelled estimates of major catchment yields and
erosion sources are provided. These results are then evaluated and re-calculated in
Section 4.2 using the tracer data.

4.1. SedNet fine sediment budget
Table 8 shows the catchment fine sediment contributions to the Gippsland Lakes as
determined by SedNet. The major predicted sources of sediment and total export to
the Gippsland Lakes have not significantly changed from the preliminary modelling
(Wilkinson et al., 2005c). Across the catchment as a whole riverbank erosion is
predicted to dominate sediment fluxes contributing 75% of sediment exported to the
Lakes, compared to 19% for hillslopes and 6% for gullies/tunnels. The proportion of
bank-derived sediment is higher in the western catchments (87%) compared to the
east (62%).
On a sub-catchment scale the major sediment sources in the west are predicted to
be eroding channel banks of the Thomson/Macalister Rivers and the Latrobe River
below Lake Yallourn. In the east the channel banks of the Wonnangatta and Mitchell
Rivers are predicted to dominate sediment fluxes. Hillslope erosion of topsoil from
forest and pasture is highest in the east (~29%) with the dominant sources being the
Wonnangatta River and the upper Tambo River (above Swifts Creek). Catchments
where bank erosion does not dominate hillslope erosion are the Perry River and
Toms Ck catchments and other areas proximal to the lakes, the upper Tambo River
catchment and areas affected by the 2003 bushfires. The extents of the catchments
defined are shown in Appendix B.
Subsoil erosion from gullies and tunnelling is mostly minor amounting to just 4% in
the west, and 9% in the east. However, there are some locally significant sites, in
particular gully erosion in the middle Latrobe and upper Tambo River catchments,
and tunnelling in the lower Mitchell and Tambo catchments. Tunnelling is estimated
to deliver ~5% of the East Gippsland sediment yield to the Lakes.
The main points of difference in the results of this modelling relative to the
preliminary modelling (Wilkinson et al., 2005c) are:
•

Supply of suspended sediment from bank erosion is approximately 30% lower
in the eastern catchments due to the better representation of channel bank
soil texture (Section 3.1.6). Bank erosion contribution from the eastern
catchments is reduced by a slightly smaller percentage given the modulating
effect of floodplain deposition in the model.

•

The model predicts that the sediment yield due to tunnel erosion of subsoils in
the lower Mitchell River catchment is 7% of the total yield from the Mitchell
River to Lake King. There is significant uncertainty in this estimate given the
model output is based on just one field measurement and that the spatial
extent of this form of erosion is based on limited data. It is considered
possible that the estimate of 7% could have under-estimated broad-scale
yield by as much as a factor of 2 (P. Robinson, personal communication).
Tracer measurements indicate that subsoil supplied from the lower Mitchell
may be as high as 15% of the total Mitchell River sediment yield (see Section
4.2.3).

•

The contribution from hillslope erosion has been doubled due to the increase
to HSDR (described above).
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•

The contribution from hillslope erosion is further increased by 9 kt yr-1 to
account for the impact of the 2003 bushfires in the Mitchell River and Tambo
River catchments.

While the relative contributions from each source and catchment are given in Table
8, prioritisation for treatment should also consider hotspots within each catchment,
the relative catchment sizes and the potential for management treatments to reduce
contribution. These considerations are discussed in Section 6. The spatial patterns of
suspended sediment contribution from hillslope and gully erosion are shown in
Appendix C (Figures C1-C3). Also shown in the Appendix C is the spatial pattern in
bank erosion averaged over each link. The 2003 bushfire has a regionally significant
impact on contribution of sediment from hillslope erosion, as has been reported
elsewhere.
Table 8: Catchment fine sediment contributions to the Gippsland Lakes as determined
using SedNet. Length is total length of river network; Active length is the river length
which has maximum potential for bank erosion (not bedrock confined or vegetated).
Note that the contributions from upstream catchments are net of losses to downstream
floodplains. Note also that gully erosion contributions in East Gippsland include tunnel
erosion contributions.

Catchment

Area
2
(km )

Length
(km)

Active
length
(km)

Hillslope
-1
(kt yr )

Gully

Bank
-1

-1

(kt yr )

(kt yr )

Total
-1

(kt yr )

Upper Latrobe River

761

154

31

0.9

0

8.3

9.2

Tanjil

507

135

24

0.1

0

2.7

2.8

Moe

638

104

65

1.2

0

2.8

4.0

Morwell

665

146

71

0.5

0

3.8

4.4

Traralgon

185

44

22

0.2

0

1.4

1.6

Lower Latrobe River

1,916

445

254

1.7

3.0

23.4

28.0

Thomson/Macalister

3,685

926

250

1.2

0.4

41.8

43.4

Avon River

2,089

485

126

2.4

0.7

6.4

9.5

Perry River and other
proximal to lake (west)

1,404

246

171

1.1

0.3

0.2

1.6

11,850

2,685

1,013

9.3

4.3

90.8

104.4

2,097

462

16

6.5

0

14.7

21.2

708

144

7

3.2

0

4.7

7.9

1,865

459

82

5.4

4.5

26.3

36.2

557

124

11

1.2

0.5

1.4

3.1

Upper Tambo River

1,602

312

40

8.0

2.5

8.7

19.1

Lower Tambo River

1,264

276

30

2.5

0.6

2.9

6.0

520

110

78

0.8

0.3

0.1

1.1

8,612

1,887

265

27.5

8.3

58.7

94.5

20,462

4,572

1,278

36.8

12.7

149.5

198.9

West total
Wonnangatta River
Dargo River
Mitchell River
Nicholson River

Toms Creek and other
proximal to lake (east)
East total
Overall total
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4.2. Integration of tracer data and evaluation of the sediment
budget
4.2.1. Evaluation procedure
This Section describes comparison of the SedNet-predicted sources of fine sediment
presented above with surface tracer data (Section 4.2.2) and spatial tracer data
(Section 4.2.3). The predicted bank erosion rates used in the modelled sediment
budget are also compared against measurements of historical bank erosion rates
(Section 4.2.4). In each of these comparisons, components of the modelling that are
supported by the data are identified, and components of the modelling that are
inconsistent with the data are also identified. Section 4.2.6 then summarises the
comparisons and describes a revised sediment budget that is consistent with the
data presented. The sediment budget is evaluated against independent estimates of
sediment yield in Section 4.2.7.

4.2.2. Surface sediment tracers
First stage comparison
There were two stages of comparison between predicted and measured tracer
properties. The first stage occurred after the preliminary SedNet model run, as
parameterised and reported in Wilkinson et al. (2005c). During this stage the model
results were evaluated to identify model parameters that needed adjustment to
predict the observed split between soil labelled with the topsoil tracer 137Cs (hillslope
sources) and soil with little or no 137Cs label (channel bank and gully sources).
Estimates of catchment yield from monitoring data and sediment cores were also
considered. This comparison indicated that the topsoil contributions to sediment in
streams was under-predicted by the preliminary SedNet model run (Wilkinson et al.,
2005c). Consequently, the hillslope Sediment Delivery Ratio (HSDR) was revised
upwards from a value of 0.05 used in the initial model run to 0.10. This change
effectively doubled the modelled topsoil proportion and improved the fit to the tracer
data. The decision to increase HSDR was also based on two other considerations:
•

It was considered more appropriate to increase HSDR (and hence topsoil
input) than to decrease the other major source term in the sediment budgets
(channel bank erosion) because reducing bank erosion by the amount
required to match the measured tracer properties would have resulted in
under-prediction of contemporary sediment yields.

•

A comparison of modelled pre-European sediment yield with that of sediment
core estimates of pre-European sedimentation in Lake Wellington (Hancock
and Pietsch, 2006) indicates that a HSDR of 0.05 is too low. Prior to
European settlement hillslope erosion is expected to have dominated
sediment fluxes. Doubling the HSDR to 0.10 provides good agreement
between modelled and measured estimates of pre-European sediment yield.

The results of the SedNet model run completed after the first stage modifications are
reported in Section 4.1
Second stage comparison
The second stage comparison was a more formal evaluation of the revised modelling
and is described below. During this stage all topsoil and spatial tracing results were
considered in combination. Further adjustments were then made to erosion
parameters, both broad-scale and within individual catchments to obtain the best fit
between model, tracer data and external yield estimates.
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Figure 10 shows a plot of the mean values of the two topsoil tracers 210Pbex and
Cs for the <10 µm fraction of river sediment for various catchments in the
Gippsland Lakes catchments. The upper and lower catchments of the Latrobe,
Mitchell and Tambo Rivers are delineated at Lake Yallourn, Glenaladale and Swift’s
Creek respectively. Figure 10 supports some of the trends identified in modelling
results in Section 4.1; i.e. East Gippsland sediment contains a higher topsoil
component than West Gippsland, and that in the East topsoil proportion decreases
with distance along the river network. For example, all upper catchment
measurements of 137Cs exceed those from the lower catchment. Such a trend is
expected when moving from steeply forested upland catchments to more gentle
slopes with high bank erosion rates.

137

Upper Tambo

Lower Tambo

-1

Pbex (Bq kg )

120

Dargo

80
Wonnongatta

210

Nicholson
40

Lower Mitchell
Avon
Upper Latrobe

0
0

4

8
137

12

16

-1

Cs (Bq kg )

210

137

Figure 10: A plot of the mean values of Pbex and Cs measurements in sediment
representing various catchments. Open circles, West Gippsland catchments; closed
circles, East Gippsland catchments. The unlabelled cluster of points in the bottom left
hand corner of the plot represents the Traralgon Creek, Morwell, Thomson and Lower
Latrobe River catchments.

Table 9 gives the SedNet-predicted and measured surface tracer concentrations in
the <10 µm fraction of sediment at various points in the river network. The predicted
values were determined as described in Section 3.2.6. In general, the tracer data
support the model prediction that non-topsoil sources are the largest contributors of
fine sediment exported to the Gippsland Lakes. Further, the moderate concentrations
of P2O5 seen in the sediment of all catchments is consistent with the model-derived
conclusion that soil unlabelled with topsoil tracers derived from channel banks rather
than gullies and tunnels is the major sediment source. If gully subsoils were a
significant sediment source a lower P2O5 concentration would have been seen in the
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river sediment. The same conclusion applies to the Mitchell and Tambo Rivers, albeit
with higher topsoil and lower bank erosion components than the West.
Table 9: Measured and model-predicted concentrations of surface tracers for subcatchments of the Gippsland Lakes. The values in brackets give the standard error.
Predicted values that differ from the measured value by more than one standard error
are in bold.
137

River

Cs (Bq kg-1)

210

Pbex (Bq kg-1)

P2O5 (%)

Measured

Predicted

Measured

Predicted

Measured

Predicted

Upper Latrobe

3.0 (0.3)

2.1 (0.7)

17.1 (1.9)

5.1 (4.2)

0.26 (0.01)

0.19 (0.04)

Moe

1.1 (0.2)

3.2 (0.6)

9.6 (3.0)

20.5 (4.5)

0.32 (0.03)

0.26 (0.04)

Traralgon Ck

1.0 (0.2)

2.0 (0.9)

0.0 (3.0)

5.6 (2.0)

0.28 (0.03)

0.20 (0.04)

Morwell

1.5 (0.3)

2.2 (1.0)

11.4 (5.4)

8.0 (3.4)

0.33 (0.04)

0.20 (0.04)

Thomson

1.6 (0.4)

1.8 (0.6)

7.2 (3.5)

3.3 (2.9)

0.26 (0.03)

0.19 (0.04)

Lower Latrobe

1.8 (0.2)

1.9 (0.6)

14.5 (1.8)

7.0 (6.1)

0.27 (0.01)

0.19 (0.04)

Avon

1.8 (0.2)

4.1 (1.0)

29.6 (2.4)

17.1 (4.0)

0.25 (0.01)

0.20 (0.04)

Dargo

9.1 (1.0)

10.6 (2.0)

75 (6)

72 (29)

0.30 (0.02)

0.24 (0.05)

Wonnangatta

7.6 (1.1)

6.6 (1.4)

76 (5)

42 (18)

0.31 (0.02)

0.24 (0.05)

Lower Mitchell

4.6 (0.4)

4.3 (1.1)

39 (7)

30 (14)

0.27 (0.02)

0.24 (0.05)

Upper Tambo

14.8 (1.7)

9.0 (1.7)

104 (13)

68 (25)

0.26 (0.05)

0.22 (0.03)

Lower Tambo

7.3 (1.5)

6.8 (1.3)

88 (2)

54 (22)

0.24 (0.04)

0.22 (0.03)

Nicholson

2.3 (0.2)

8.6 (2.0)

50 (10)

57 (24)

0.21 (0.03)

0.23 (0.05)

West
Gippsland

East
Gippsland

The accuracy of the HSDR used by SedNet to predict topsoil delivery to streamlines
is best tested in the upper river catchments where the topsoil contribution is predicted
to be greatest. Increasing HSDR from 0.05 to 0.10 (see Section 4.2.2) has produced
good agreement with measured surface tracer properties in the upper catchments of
the Mitchell (the Dargo and Wonnangatta catchments). The agreement is poorer for
the upper Tambo catchment with predicted surface tracer properties being lower than
measured. This suggests that HSDR is greater than 0.10 for this catchment, or that
the bank erosion rate is locally too high. The former explanation may be linked to our
assessment of post-fire hillslope erosion. This may have increased sediment yield
from hillslopes in the upper Tambo to a greater extent than was accounted for using
a post-fire erosion enhancement factor of 2. An error in this factor would lead to
significant discrepancies in the upper reaches of the river network. Lane et al. (2006)
reported highly variable rates of enhanced topsoil erosion in the 2 years following
severe bushfires, the enhancement being sensitive to the severity of burning in the
catchment and the extent of post-fire recovery of vegetation.
The predicted 137Cs tracer properties generally agree well with measurements. The
main areas of deviation of SedNet predictions from 137Cs tracer measurements are:
•

In the Moe and Nicholson River catchments measured values of both 137Cs
and 210Pbex are lower than predicted by SedNet; i.e. the hillslope topsoil
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component is over-predicted. This result could be due to an over-prediction of
topsoil erosion, or an under-prediction of soil unlabelled with topsoil tracers.
For both these rivers visual observation of the condition of the channel banks
suggests the unlabelled source is most likely to be caused by underprediction of channel bank erosion in this area rather over-prediction of topsoil
erosion. The high P2O5 content of the river sediment and the lack the gullying
in the catchment eliminates gully subsoil as an alternative unlabelled source.
•

In the Avon River 137Cs is lower than predicted. Again this raises the question
of an over-estimate of topsoil, or an underestimate of bank erosion. Based on
our assessment on the uncertainties associated with bank erosion (Section
4.2.3), together with comparisons of modelled and measured catchment loads
using water quality monitoring (Section 4.2.7), we conclude that channel bank
erosion is also under-predicted in the Avon.

•

As discussed in the preceding paragraph, the predicted surface tracer
concentrations (and hence topsoil contribution) are lower than observed for
the upper Tambo River.

Even though 137Cs predictions are generally good (with the exceptions noted above)
the observed activities of 210Pbex are generally higher than predicted, especially in the
West. One explanation is that, compared to forest topsoil, delivery of pasture topsoil
to the river network is under-predicted using the hillslope erosion modelling and a
HSDR of 0.10. Increasing the modelled input from pasture topsoil by a factor of 2 by
increasing pasture HSDR to 0.20 provides a better fit for 210Pbex at most locations
sampled. Increasing predicted hillslope sediment delivery from pasture in West
Gippsland does not significantly affect the 137Cs fit because 137Cs is much lower in
pasture topsoil compared to forest topsoil. Such an adjustment is also consistent with
the P results which show that P2O5 is generally under-predicted by the model,
especially in the West.
In East Gippsland increasing pasture HSDR to 0.2 has little effect on predicted
topsoil tracer concentrations due to the lower pasture contribution to the total topsoil
yield. The eastern catchment showing the greatest deviation of 137Cs and 210Pbex
measurements from the model predictions is the upper Tambo, with both tracers
being under-predicted by ~35%. Increasing pasture HSDR to 0.2 has little effect on
this difference. However, as noted earlier, another contributing factor may be the
after-effects of the 2003 bushfires which were particularly severe in some parts of the
Tambo catchment. A significant amount of bushfire debris (charcoal) was noted in
many of the upper Tambo samples, indicating that recent post-fire flow events had
been sampled. In lower reaches where other forms of erosion dominate the effect of
a low estimate of post-fire topsoil erosion is less significant.

4.2.3. Spatial sediment tracers
Geochemical tracing can only be successfully applied where the signatures of source
sediment can be clearly differentiated allowing meaningful application of the MonteCarlo type mixing model (Section 3.2.). Whilst some variation is seen in the geology
of rock outcrops occurring across the northern pars of the Tambo, Latrobe and Tanjil
catchments, a geological map shows that large sections the Gippsland catchments
are dominated by the same rock types (Figure 11). This is especially true in the
central northern catchments and the southern lowland regions. Our analysis of the
soil geochemistry in this area reflects this homogeneity, showing little variation in
trace and major element concentrations.
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Figure 11: Geology of the Gippsland Lakes catchments
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Across East and West Gippsland only three regions showed sufficient geochemical
differentiation to allow a study of source discrimination. These three cases are
described separately below.
For each source there were generally more than 5 tracer measurements for each
individual source. These samples were used to characterise the source and provide
an estimation of the within-source variability. In applying the mixing model a
statistical procedure (ANOVA, α ≤ 0.05 ) was used to identify tracers with the power
to discriminate sources. Uncertainties in the source proportions estimated by the
model were assessed by considering the variability within each tracer together with
the sensitivity of that tracer to the estimated proportions of each source.
Tunnel subsoil erosion in the lower Mitchell River catchment

The subsoil samples collected from eroding gullies and tunnels in the lower Mitchell
River catchment were visually distinctive, being mainly red or yellow in colour. The
major and trace element concentrations of these subsoils also showed distinct
variations from river sediment and soil samples collected upstream of the section of
river between Glenaladale and Bairnsdale, the location where subsoil inputs are
believed to enter the Mitchell River. In particular, Ca, Sr, Zn, P, LOI , 137Cs and
210
Pbex showed significant differences between the two sources characterised by
lower Mitchell subsoils and upper Mitchell sediment (Figure 12). A 2-component
mixing model (Section 3.12) was applied such that the target sediment was
characterised by samples collected from lower Mitchell River, downstream of Clifton
Creek junction at Bairnsdale. It is assumed there is no subsoil input downstream of
Clifton Creek. The mean values of the tracer used to unmix the source proportions
are given in Table 10. Mean values of 7-9 measurements were used.

Table 10: Mean values of tracer used to determine tunnel subsoil contribution to Lower
Mitchell River sediment. Values in brackets represent the standard error. R gives the
best estimate of the proportions of the two source terms.
Source

CaO

P2O5

ZnO

SrO

137

Cs

LOI

R

Subsoils

0.09 (0.01) 0.06 (0.01)

110 (9)

53 (4)

0.0 (0.1)

7.7 (0.4) 0.11

Upper Mitchell
sediment

0.89 (0.05) 0.35 (0.02) 215 (11)

121 (7)

5.2 (0.6)

16.6 (0.7) 0.89

Lower Mitchell
sediment

0.64 (0.03) 0.32 (0.02) 204 (13)

118 (4)

4.6 (0.4)

14.8 (0.9)
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Figure 12: Plots of various geochemical and surface tracers for subsoil (tunnel) soil
and sediment in the upper and lower Mitchell River. The upper/lower Mitchell is
delineated at Glenaladale. Tracer concentration units are ppm.
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The mixing model output shows that the best fit to the tracer data is given by a 11%
contribution of subsoil to sediment delivered to the lower Mitchell. The uncertainty on
this value is estimated to be ±4%. This result compares with 7% subsoil contribution
determined by SedNet modelling. Although consistent with the tracer data, the
SedNet result is considered more uncertain given that it was based on just one
measurement of tunnel erosion at one site, and that the assessment of the spatial
extent of tunnel erosion used in the model was only in its initial stages. As noted
earlier, the tunnel erosion yield used in the model could easily too low by a factor of
two. Another potentially significant factor is that gully erosion, another source of
subsoils, was not well mapped for the lower Mitchell River catchment, and may have
lead to an under-prediction of subsoil erosion in that area. Thus we consider the best
estimate of lower Mitchell subsoil contribution to be given by the tracer results. These
results constrain subsoils to lie between 7–15% of Mitchell River delivery to the
Lakes. In terms of P contribution to the Lakes, the low P concentration of subsoils
(Table 7) means that contribution of P from subsoils is proportionally much lower than
other sediment sources.
Swifts Creek contribution

Sediment from the Swifts Creek catchment showed some tracers with significant
discriminatory properties compared to sediment from the Tambo River upstream of
Swifts Creek. In particular As and Pb were highly distinctive in samples of sediment
deposited in Swifts Creek during two significant flow events in 2004 and 2005. Also
distinctive were oxides of Ni, Ti, Cr, Zn and V. The cause of the elevated
concentrations of these elements in Swifts Creek is not known, although historical
mining may contribute. Sediment samples from the Tambo River below Swan Reach
were used as the target mixture. The tracer properties are summarized in Table 11.
The results of the mixing model indicate that 8.9 ±1.0% of sediment exported to the
Gippsland Lakes from the Tambo River originates from Swift Creek. This proportion
agrees well with the value predicted by SedNet (9.2%). SedNet also predicts well the
dominant erosion processes occurring in the Swift’s Creek catchment, with the
surface tracer 137Cs concentration for Swifts Creek predicted to be 10.6 Bq kg-1,
corresponding to 70% topsoil originating from pasture and forest sources. This value
agrees well with measured values (average 9.1 ±2.0 Bq kg-1).
Table 11: Summary of data used in the mixing model. Units are µg/g ash weight.
Standard errors are given in brackets. The model-derived proportions for the two
source terms (Swifts Creek and Upper Tambo sediment) are given in the column
labelled R.
Source

n

As2O5

PbO

NiO

TiO2

Cr2O3

ZnO

V2O5

R

Swifts Ck

3

233 (12)

94.5 (2.7)

92.2 (3.1)

1.15 (0.02)

233 (2)

229 (5)

307 (6)

0.089

Upper
Tambo

6

15.4 (1.0)

47.9 (3.0)

47.2 (2.1)

0.91 (0.04)

147 (9)

198 (10)

213 (7)

0.911

Lower
Tambo

5

33.1 (3.2)

51.3 (4.0)

59.7 (1.5)

0.83 (0.01)

184 (2)

187 (11)

261 (3)

Lake Yallourn tributaries

Upstream of Lake Yallourn distinctive tracer signatures are seen for the Narracan
Creek, Moe River and upper Latrobe catchments. The distinctive nature of these
sources is almost certainly due to the basalt geology which dominates the Narracan
catchment (Figure 13) and which outcrops in the upper Moe catchment. The
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geochemistry of basalt contrasts strongly with the granite geology of some regions of
the upper Latrobe and Tanjil catchments.
A three component mixing model was applied to determine the proportions of
sediment deposited in Lake Yallourn. The three source terms were Narracan Creek,
Moe River and the combined input of the upper Latrobe and Tanjil Rivers. The
tracers used to discriminate sources were oxides of Si, Ti, Ni, Fe, Rb, V, Cr, La, Ce,
Pb, Y, Sr, and the surface tracer 137Cs. The mean values and standard errors of
these tracers are given in Table 12. Figure 8 shows plots of selected tracers against
Fe2O3.
The results of the application of mixing model show that the best fit proportions of
each source are Narracan Creek 0%; Moe River 57%; upper Latrobe (Tanjil) 43%.
The estimated uncertainty on each estimate is ±10%. Thus Narracan Creek is
constrained to be <10% of sediment input to Lake Yallourn. This result is in general
agreement with SedNet, which predicts that 10% of sediment delivery to Lake
Yallourn originates in the Narracan catchment; i.e. Narracan Creek delivers 3 kt yr-1
of sediment to the Lake Yallourn budget of 30 kt yr-1. The agreement between tracer
and SedNet estimates is poorer for the upper Latrobe/Tanjil and the Moe Rivers, with
SedNet predicting proportions of 65% and 25% respectively. Thus the tracer data
indicates that the Moe River input has been underestimated by SedNet. This
indication concurs with surface tracer results which suggest that channel bank
erosion in the Moe is underestimated by SedNet. In combination these two tracing
results indicate that bank erosion in the Moe River is approximately double that
predicted by SedNet.

Table 12: Tracer data used in the Lake Yallourn mixing model.
The model-derived proportions are given by R.
Lake
Yallourn

Tracer/Catchment

Narracan

Latrobe

SiO2 (%)

52.1

63.5

68.1

69.1

TiO2 (%)

2.8

1.5

1.8

1.6

NiO (%)

108

62

30

56

Fe2O3 (%)

14.2

6.9

7.0

6.9

Rb2O (ppm)

66

177

106

123

V2O5 (ppm)

432

241

248

240

Cr2O3 (ppm)

294

232

154

172

La2O3 (ppm)

55

71

43

46

CeO2 (ppm)

110

128

84

88

PbO (ppm)

30.9

32.7

22.7

23.8

Y2O3 (ppm)

42.4

54.8

40.6

51.1

SrO (ppm)

125.5

99.3

142.2

87.8

2.9

4.3

1.4

2.9

0

0.43

0.57

137

-1

Cs (Bq kg )
R
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Figure 83: Plots of selected tracers (ppm) against Fe2O3 (% by weight)) for tributaries
upstream of Lake Yallourn.

4.2.4. Bank erosion rates
The predicted rates of bank erosion are evaluated using rates calculated from
historical channel surveys (DeRose et al., 2005b). The SedNet-predicted rate of
channel expansion in lowland reaches of the Latrobe is 0.08 m yr-1, less than half the
rate measured from historical channel surveys (0.16-0.32 m yr-1). For the Avon River

CSIRO Land and Water

Page 37

the predicted rate is 0.10 m yr-1, less than half the measured rate (0.20-0.35 m yr-1).
Unlike other parts of the river network, these two reaches have experienced
accelerated erosion caused by artificial meander cut-offs and drainage schemes in
the mid-1900’s (Rutherfurd, 2000). The principal purpose of the bank erosion
equation is to determine contemporary spatial patterns in bank erosion across the
entire catchments, and these two reaches cannot be considered representative of the
river network as a whole. For this reason we have not calibrated the equation to
match the rates observed in these discrete reaches of the middle and lower Latrobe
and the lower Avon. However, in doing this we acknowledge the potential for underprediction of bank erosion in these locations.
For the floodplain reaches of the Mitchell River the predicted rate is 0.22 m yr-1,
within the measured range (0.17-0.33 m yr-1).
It can be expected that predicted bank erosion rates are an over-estimate in those
few links above the alpine tree line. In these areas the natural vegetation is intact but
the model predicts higher bank erosion rates because of the lack of tree cover. The
only link where this problem significantly affects the results to the extent that it shows
in the bank erosion contribution map is a tributary on the eastern side at the very
north end of the Macalister River catchment.

4.2.5. Sediment yield from forest roads
Sediment yield from forest roads was not accounted for in the SedNet analysis
because there were insufficient data to predict spatial patterns and the surface
tracers do not clearly differentiate between forest roads and bank erosion. It is
estimated that the total erosion from forest roads across the entire Gippsland Lakes
catchments is 10 kt yr-1 based on 10,000 road–stream crossings (Gail Penfold pers.
comm.) and 1 t yr-1 yield from each crossing (Sheridan and Noske, 2005). This
estimate of total supply is approximately 5% of the total predicted sediment
contribution to the Gippsland Lakes.

4.2.6. Revised sediment yields incorporating the sediment tracing
results
Overall the surface (erosion process) tracers provide support for the SedNet model
predictions that bank erosion is the dominant source of erosion in the West and East
Gippsland catchments. The low 137Cs activities seen in the West Gippsland rivers
show that soil sources unlabelled with topsoil tracers dominate sediment fluxes, with
labelled topsoil contributing no more than 10-20%. A channel bank source of
unlabelled soil rather than subsoil from gullies and tunnelling is consistent with the
moderate river sediment phosphorus concentrations. Tracer data (210Pbex and
phosphorus) indicate SedNet modelling may have under-predicted erosion of West
Gippsland pasture topsoil by as much as a factor of two. However this potential
inaccuracy does not significantly affect the conclusion that channel bank erosion is
the dominant sediment source. In fact tracer data suggests that in some western
catchments (the Moe and Avon catchments) bank erosion is significantly underpredicted by SedNet. For the Avon, SedNet loads appear to be much too low (see
Section 4.2.7), adding weight to this evidence.
Although 137Cs and 210Pbex are generally higher in river sediment in East Gippsland
compared to the West, channel bank erosion is still predicted to be the major source
of sediment to the eastern Lakes. Surface tracers indicate that topsoil sources in
Mitchell River sediment make up approximately 25% of the total sediment flux to
Lake King. For the Tambo catchment the topsoil proportion is ~40% at the river
mouth. These values are consistent with SedNet model predictions and provide
confidence in model results. The high proportions of topsoil tracers seen in sediment
from the upper Tambo River may be an effect of the 2003 bush fires.
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Geochemical (major and minor element) tracers have provided useful checks on
spatially-discrete sources of sediment, including estimates of subsoil input from
tunnelling in the lower Mitchell catchment. Obtaining an independent estimate of
source was particularly important given the limited number of field-based estimates of
sediment yield for this form of erosion. The geochemical data provided an upper limit
of 15% for subsoil inputs to the lower Mitchell River. Spatial tracing of sediment
sources upstream of Lake Yallourn has also provided support for the assertion,
based on surface tracer results, that in some areas of West Gippsland SedNet has
under-predicted channel bank erosion. In the upper Tambo good agreement is seen
between model and tracer- predicted proportions of sediment delivered from Swifts
creek and the upper Tambo.
Based on the summary above the following revisions have been made to the model:
a.
The HSDR for pasture is increased by a factor of 2, from 0.10 to 0.20
b.
Bank erosion in Moe, Avon and Nicholson catchments is increased by a
factor of two
c.
Subsoil (tunnel) erosion yield in the Mitchell catchment is increased by 3.1 kt
yr-1 in line with tracer results.
Revised catchment contributions to the Gippsland Lakes are given in Table 13.
Changes in catchment yield estimates are most significant for the Moe, Avon and
Nicholson catchments, but are relatively minor overall, being +13% for West
Gippsland, and +8% for the East. A plot of measured and predicted 137Cs is shown in
Figure 94, with significant changes resulting from the revision of sediment yields
indicated by horizontal red arrows. The hypothesised deviation of the upper Tambo
sediment from its predicted value due to the effects of the 2003 fires is indicated by a
vertical dashed arrow.
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Table 13: A revision of Table 8. 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 (see footnote).

Catchment

Area
(km2)

Length
(km)

Active
length
(km)

a

Hillslope
-1

(kt yr )

Gully

Bank
-1

Total
-1

(kt yr )

(kt yr )

(kt yr-1)

Upper Latrobe River

761

154

31

1.3

0

8.1

9.4

Tanjil

507

135

24

0.2

0

2.7

2.9

b

7.7

Moe

638

104

65

2.2

0

Morwell

665

146

71

0.9

0

3.8

4.7

Traralgon

185

44

22

0.3

0

1.4

1.7

1,916

445

254

2.9

3.0

23.4

29.2

Upper Thomson

477

74

23

0.0

0.0

0.0

0.1

Upper Macalister

1897

433

35

0.3

0.0

3.4

3.7

Lower Thomson/Macalister

3,685

926

250

1.1

0.4

38.4

39.9

b

15.9

Lower Latrobe River

5.5

Avon River

2,089

485

126

3.2

0.5

Perry River and other
proximal to lake (west)

1,404

246

171

1.7

0.2

0.4

2.3

11,850

2,685

1,013

14.1

4.1

99.3

118

2,097

462

16

6.6

0

14.7

21.2

708

144

7

3.3

0

4.7

8.0

7.4

c

26.3

38.2

b

4.7

West total
Wonnangatta River
Dargo River
Mitchell River
Nicholson River

1,865

459

82

4.5

12.2

557

124

11

1.4

0.5

Upper Tambo River

1,602

312

40

10.2

2.5

8.7

21.3

Lower Tambo River

1,264

276

30

2.6

0.6

2.9

6.0

520

110

78

2.1

0.5

0.2

2.8

8,612

1,887

265

33.6

8.6

57.5

100

20,462

4,572

1,278

47.7

12.7

157

220

Toms Creek and other
proximal to lake (east)
East total
Overall total

2.8

a

revised using an HSDR of 0.2 for pasture
revised by increasing bank erosion by a factor of 2.
c
based on subsoil being 11% of sediment delivered to the Mitchell River mouth by the
Mitchell, Wonnongatta and Dargo rivers.
b
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18
Upper Tambo

14

-1

Cs (Bq kg )

16

12
Dargo

Measured

137

10
Wonnongatta

8
6

Lower Tambo

Mitchell

4

Upper Latrobe
Nicholson
Avon

2

Moe

0
0

2

4

6

8

10

12

Predicted 137Cs (Bq kg-1)
Figure 94: Predicted and measured 137Cs activitiy for various sub-catchments (data
from Table 11). Closed circles (East Gippsland); open circles (West Gippsland). The
black dashed line represents exact agreement between predicted and measured
values. The horizontal red arrows, red symbols and red labels represent the changes
from original estimates (Table 9) resulting from model revision. Only catchments with
significant changes are shown. The vertical dashed red arrow indicates the
hypothesised deviation of upper Tambo sediment resulting from the 2003 fires (see
text). The unlabelled cluster of points in the bottom left hand corner of the graph
represents Traralgon Creek, Morwell, Thomson and Lower Latrobe River catchments.

4.2.7. Evaluation against other sediment yield estimates
Suspended sediment yields from water quality data

A comparison was made between the SedNet predictions and the 1975-1999
sediment yields calculated independently by Grayson et al. (2001) using water quality
monitoring records. Because suspended sediment concentration sampling was not
continuous, Grayson et al. (2001) used a discharge-concentration rating curve to
estimate the long-term suspended sediment yield. Although this approach can help
correct for periods when crucial high flow data is missing, the accuracy of the
estimates is largely dependent on whether the monitoring period has captured
sufficient large flow events to provide a good representation of the high flow
discharge-concentration relationship. Table 14 lists the yields estimated from water
quality monitoring with those predicted by SedNet. The differences are given as a
relative error of the Grayson et al. (2001) yield.
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Table 14 : Suspended sediment yield at downstream monitoring stations. Yields
estimated from water quality (WQ) data are from Grayson et al. (2001). The column
headed no. of event samples gives the number of high flow events captured by the
monitoring program, which indicates the amount of water quality data used to calibrate
the discharge-load curves and estimate catchment yields.

Gauge location

Gauge ID

No. of high flow
event samples

WQ estimate
(kt yr-1)

SedNet
(kt yr-1)

Relative
error (%)

Latrobe River
at Kilmany South

226227

18

89.4

67.7

-24

225232

7

36.2

45.0

+24

225201

2

25.7

17.1

-33

224200

5

21.9

62.3

+184

223210

2

5.4

4.7

-13

223209

3

7.6

27.0

+255

Thomson River
at Bundalaguah
Avon River
at Stratford
Mitchell River
at Rosehill
Nicholson River
at Sarsfield
Tambo River
at Battens Landing

The differences between SedNet and water quality yields range from +255%
(Tambo) to -33% (Avon). Given the uncertainties inherent in both methods we
consider that variations within ±35% are not surprising. Variations greater than this
require examination. Below we assess some of the catchment estimates in the light
of tracer measurements and likely sources of error.
The SedNet prediction of the yield from the Avon catchment given in Section 4.1
(determined prior to tracer evaluation and subsequent sediment yield modification
given in Section 4.2) gave an estimate of 10.2 kt yr-1 at Stratford, 60% lower than the
monitoring data. This under-prediction is accompanied by an over-prediction of 137Cs
(Table 9) indicating that non-topsoil sources are under-predicted in this catchment.
Given that predicted bank erosion rates are less than those measured (Section 4.2.4)
we consider the most likely model error to be the under-prediction of bank erosion.
Increasing bank erosion by a factor of 2 has reduced the discrepancy between
SedNet and monitoring estimates to 33% (Table 14 ), whilst keeping the agreement
between measured and predicted tracer concentrations reasonable (Figure 14).
For the Latrobe the under-prediction of yield is smaller (-24%), but it amounts to a
significant fraction of the sediment yield of West Gippsland. The fit of surface tracer
data with SedNet output in the lower Latrobe River is reasonable (Table 9). However,
given the very low topsoil tracer values seen in the Latrobe sediment and the
associated high uncertainties in the predicted values (±30%) it is possible that soil
input from an unlabelled source (bank erosion) could be significantly higher and still
be consistent with the topsoil tracer data. We therefore suggest that bank erosion
may be 25% higher in the Latrobe than predicted by SedNet. Such an adjustment is
also consistent with the under-prediction by SedNet of bank erosion rates in the
lower Latrobe River (4.2.4).
For the Mitchell and Tambo Rivers, the predicted yields are 2-3 times those
estimated by Grayson et al. (2001). Given the dominance of large events on
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sediment yield from the Mitchell River and the fact that only 5 moderate or large
events were included in the WQ estimate, the rating curve used to determine
sediment yields for the Mitchell and Tambo Rivers must be considered highly
uncertain for large flows. Grayson and Argent, 2002 also conclude that the WQ
estimate Mitchell River yield estimate is likely to be an under-estimate, with their
catchment-based AEAM modelling producing a Mitchell River yield (51 kt yr-1) only
slightly smaller than SedNet. We therefore conclude that it is likely that the difference
in the SedNet and water quality yields for the Mitchell and Tambo Rivers is due to an
under-estimation of yields derived from water quality data rather than significant
SedNet model error. Tracer-derived estimates of erosion source proportions in the
Mitchell agree well with SedNet estimates, and so even if the SedNet absolute yields
were over-predicted the conclusion that bank erosion dominates sediment fluxes
appears valid. For the Tambo River enhanced topsoil loads resulting from the 2003
fires may also account for some of the enhanced SedNet yield. Obviously, the effect
of the 2003 fires would not be seen in pre-2001 water quality data.
Doubling the modelled bank erosion rate in the Nicholson River, in a similar manner
to the Avon, has resulted in improved agreement between SedNet and monitoring
data estimates, the shift being from -43% to -13%. This change has also improved
the SedNet prediction of 137Cs (Figure 14).
Suspended sediment yields estimated from Lake Wellington sediment coring

Sediment accumulation in Lake Wellington as determined from sediment cores
(Hancock and Pietsch, 2006) indicates a sediment yield to the Lake of 110-190 kt yr1
, in broad agreement with total yields estimated for West Gippsland using water
quality data (~160 kt yr-1; Grayson et al., 2001). The SedNet estimate for West
Gippsland is at the lower end of the sediment core estimates, a result consistent with
the above observation that SedNet modelling has appears to have under-predicted
yields (bank erosion) in the lower Latrobe and Avon catchments.
Pre-European sediment yield

Pre-European sedimentation rates in Lake Wellington were measured by Hancock
and Pietsch (2006) using optical dating techniques. Lake Wellington receives flow
from the Latrobe, Thomson, Avon and Perry Rivers. A lake-wide depositional load of
17 ±2 kt yr-1 was estimated. This load was used to test the ability of SedNet to
accurately predict topsoil erosion by comparing it with the SedNet estimation of the
pre-European sediment budget for West Gippsland. The pre-European catchment
was assumed to consist of complete forest and riparian vegetation cover, with no
gully erosion. Thus pre-European sediment input is assumed to have been
dominated by erosion of forest topsoil. The pre-European yield to Lake Wellington
predicted by SedNet is 12 kt yr-1. In the context of current sediment yields to Lake
Wellington (>100 kt yr-1) the agreement between SedNet and the core estimates is
considered good and provides evidence that our contemporary estimates of forest
hillsope erosion are reasonable. This in turn supports our conclusion that the
proportion of Lake Wellington sediment originating from hillslope erosion in West
Gippsland is minor.
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5. Nutrient budget results
The modelled catchment and source contributions of phosphorus and nitrogen to the
Gippsland Lakes are shown in Table 15.

5.1. Phosphorus
The largest contribution of P is from bank erosion at 44% of the total contribution.
Dissolved surface and sub-surface runoff (Diss), supplies 34% of the total catchment
contribution, hillslope erosion 15% and subsoil sources from gullying and tunnelling
contribute 3%. The spatial patterns of contribution to P export from dissolved runoff,
hillslope, gully and riverbank erosion are shown in Appendix C (Figures C4-C7).
The spatial pattern of dissolved P (Figure C4) shows a hotspot upstream of Moe; this
is caused by the greater amount of runoff from the upland pastures in this region
relative to other grazing areas (up to four times greater than around Maffra for
example). Dissolved phosphorus in runoff from irrigated pasture has not been
accounted for in this map; natural runoff volume only is represented.

5.2. Nitrogen
Spatial patterns of N contributions are shown in Appendix Figures C8-C11. The
largest contribution is from dissolved surface and sub-surface runoff (Diss), at 59% of
total contribution (Table 15). Bank erosion supplies 15% of total contribution, hillslope
erosion 24% and gully-tunnel erosion 2%.

5.3. Comparison with other estimates of nutrient yields
Table 16 shows a comparison between SedNet-predicted total phosphorus (TP) and
total nitrogen (TN) with estimates by Grayson et al. (2001). In general the agreement
is slightly better than the sediment yield comparison (Table 14). This is partly due to
the fact that a significant proportion of the nutrient flux is delivered in the dissolved
form (see section 5.1 and 5.2 above). Thus the discrepancy in the sediment-bound
proportions as a proportion of the total nutrient flux is reduced.
Within individual catchments the greatest difference between the sediment and
nutrient comparisons lie in the results of the Mitchell and Thomson Rivers. For the
Mitchell the better agreement of modelled and measured nutrient fluxes compared to
sediment fluxes is probably a reflection of dissolved-particulate proportions outlined
in the previous paragraph. For the Thomson the observed shift in nutrient trends may
reflect erroneous modelling of nutrient fluxes, especially P, from the Macalister
Irrigation District. For example, the total P yield from the Macalister Irrigation District
(MID) has been previously estimated using data from irrigation drains at 55 t yr-1
(Fox, 2003). This is significantly above the MID P export estimated by SedNet
modelling (25 t yr-1) determined without nutrient data specific to the MID. Hence the
under-prediction of P from the Macalister Irrigation District may be the cause of
under-prediction of TP in the Thomson River.
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Table 15: Catchment contributions of phosphorus and nitrogen to the Gippsland Lakes.
-1

-1

Phosphorus (t yr )
Catchment

Length
(km)

Active
length
(km)

Diss

Hill

Gully

Bank

Total

Diss

Hill

Gully

Bank

Total

Upper Latrobe River

761

154

31

12

2

0

8

22

106

11

0

16

134

Tanjil

507

135

24

1

0

0

3

4

62

2

0

5

69

Moe

638

104

65

21

4

0

6

31

92

22

0

10

124

Morwell

665

146

71

15

1

0

4

20

82

9

0

8

98

Traralgon

185

44

22

2

0

0

1

4

17

3

0

3

23

1,916

445

254

20

3

2

23

49

118

31

9

47

205

Upper Thomson

477

74

23

0

0

0

0

0

81

0

0

0

81

Upper Macalister

1897

433

35

0

0

0

3

4

170

4

0

7

182

Lower Latrobe River

Thomson/Macalister

3,685

926

250

11

1

0

38

51

91

12

1

77

181

Avon River

2,089

485

126

7

3

0

12

23

68

31

2

24

125

Perry River and other
proximal to lake (west)

1,404

246

171

7

1

0

0

9

33

14

1

1

49

11,850

2,685

1,013

98

15

3

98

217

919

141

12

198

1,270

2,097

462

16

4

8

0

21

33

197

85

0

42

324

708

144

7

2

4

0

7

13

60

43

0

13

117

1,865

459

82

9

7

5

37

59

73

93

21

75

262

557

124

11

2

1

1

4

8

19

22

2

8

51

Upper Tambo River

1,602

312

40

7

15

3

12

38

67

129

12

25

232

Lower Tambo River

1,264

276

30

4

3

1

4

12

52

47

3

8

110

520

110

78

8

2

0

0

10

31

24

2

0

57

8,612

1,887

265

36

40

10

86

173

499

442

40

171

1,153

20,462

4,572

1,278

134

57

13

184

390

1,419

583

52

369

2,423

West total
Wonnangatta River
Dargo River
Mitchell River
Nicholson River

Toms Ck and other
proximal to lake (east)
East total
Overall total

Report Title

Area
2
(km )

Nitrogen (t yr )
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Table 16 : Comparison between predicted total phosphorus and nitrogen yields and
independent estimates based on water quality (WQ) data from Grayson et al. (2001).
Catchment

Latrobe River
at Kilmany South
Thomson River
at Bundalaguah
Avon River
at Stratford
Mitchell River
at Rosehill
Nicholson River
at Sarsfield
Tambo River
at Battens Landing

Report Title

Gauge
ID

TP (t yr-1)

TN (t yr-1)

WQ

SedNet

Diff. %

WQ

SedNet

Diff %

226227

119

112

-6

1,197

738

-38

225232

50

34.7

-31

331

452

+37

225201

19

22

+16

166

134

-19

224200

41

70

+71

366

681

+86

223210

5

8

+60

40

45

+13

223209

12

38

+217

166

323

+95
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6. Developing priorities for reducing sediment and
nutrient delivery
6.1. Contribution intensity by source
Developing priorities for treatment aimed at reducing export of fine sediment and
nutrients to the Gippsland Lakes requires comparison of the effectiveness of treating
each source to maximise the reduction in sediment export per unit area of treatment
(km or km2). Some assumptions are required to estimate the effectiveness of
treatment. A key assumption is that it is more efficient to treat areas of intense
contribution to export (t km-2 yr-1 or t km-1 yr-1). This assumption can be justified if the
unit cost of treatment ($/km) is reasonably independent of contribution intensity (rate
of erosion on a areal or, in the case of bank erosion, a linear stream length basis).
Generally, the range of spatial variation in the intensity of each source is usually
larger than the differences in cost of treatment between sources (Wilkinson et al.,
2005b).
The spatial location of the contribution hotspots in each source will generally be
different, and so each source is mapped separately. Given this assumption, the
contributions of fine sediment, phosphorus and nitrogen across all catchments are
broken down by source, and for each source into bands of contribution intensity in
Tables 17, 18 and 19 respectively. In these tables, “active bank length” refers to the
length of link that does not have riparian tree cover but has erodable soils (not
bedrock); that is, the length of river link where bank erosion can potentially be treated
using riparian revegetation. The contribution intensities from bank erosion are
measured using this length rather than total link length because the SedNet
modelling assumes that portions of link length that are vegetated, or have bedrock
exposures, erode at a much lower rate (5% of the non-vegetated portion and zero
respectively).
From Table 17, it can be seen that 75% of total river bank contribution comes from
links having only 223 km of active (non-vegetated) bank; of course some of this
contribution is from the already vegetated parts of these links and so vegetation
alone will not reduce bank contribution by this amount. Similarly, two thirds of
sediment contribution from hillslope erosion is derived from less than half the
catchment area. All sediment contributed from gully and tunnel erosion comes from
approximately one quarter of the catchment area. These sediment proportions are
approximately equivalent to the particulate sources of nutrients. For dissolved
nutrients two thirds of the dissolved P comes from one quarter of the catchment area.
In contrast, only 20% of dissolved N comes from nearly half the catchment area.
These proportions are visually apparent in the maps.
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Table 17: Variation of each erosion process in fine sediment contribution
Range
Source

-1

(t ha yr )

Average erosion
intensity
-1

-1

(t ha yr )

Total contribution (t yr )

Area km

< 0.02

0.01

10324

13933

0.02 - 0.04

0.03

12610

4547

0.04 - 0.06

0.05

5182

1106

> 0.06

0.10

8702

875

0.02

36818

20462

<0

0.00

0

16289

0 - 0.033

0.01

2939

3398

0.033 - 0.066

0.04

1305

308

> 0.066

0.18

8404

466

0.01

12648

20462

<200

30

32974

1083

200 – 400

296

35233

119

400 – 600

493

30459

62

> 600

1189

50169

42

114

148835

1306

2

Hillslope

Total
Gully

Total
Bank

Total
Total network length
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Table 18: Variation of each process in phosphorus contribution
Range
Source

-1

(t ha yr )

Average erosion
intensity
(t ha yr-1)

Total contribution
kg yr-1

Area km2

< 0.1

0.03

40258

15631

0.1 - 0.2

0.14

45686

3326

0.2 - 0.3

0.26

18455

724

> 0.3

0.36

28254

781

0.06

132653

20462

< 0.03

0.01

15687

15971

0.03 - 0.06

0.04

13005

3104

0.06 - 0.09

0.07

5081

686

> 0.09

0.16

11047

700

0.02

44820

20462

0

0.00

0

16340

0 - 0.04

0.01

3014

3430

0.04 - 0.08

0.06

1929

335

> 0.08

0.23

8105

357

0.01

13048

20462

< 100

30

16934

1075

100 – 200

296

16879

116

200 – 300

493

13988

56

> 300

1189

39113

60

114

86914

1306

Dissolved

Total
Hillslope

Total
Gully

Total
Bank

Total
Total network length
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Table 19: Variation of each process in nitrogen contribution
Source

Range
(t ha yr-1)

Average
intensity

Total contribution
kg yr-1

Area km

< 0.45

0.32

300804

9350

0.45 – 0.9

0.62

330347

5286

0.9 – 0.45

1.14

360412

3167

>1.35

1.61

427420

2659

0.69

1418983

20462

< 0.34

0.10

161998

15531

0.67 - 1.01

0.80

74433

928

0.34 - 0.67

0.47

169205

3634

> 1.01

1.76

64998

369

0.23

470634

20462

0

0.00

0

16289

0 - 0.155

0.03

12058

3481

> 0.311

0.87

33248

384

0.155 - 0.311

0.22

6885

308

0.03

52191

20462

< 400

63

67736

1075

400 – 800

584

67516

116

800 – 1200

995

55952

56

> 1200

2610

156451

60

266

347655

1306

2

Dissolved

Total
Hillslope

Total
Gully

Total
Bank

Total
Total network length
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The information in the above tables can be used in an analysis comparing the costbenefit of treating each source to determine priorities for most efficiently reducing
contributions of each constituent. A suggested method for this procedure is outlined
below (from Wilkinson et al., 2005b). It may be most efficient to implement the
method in a spreadsheet using additional columns for each step:
1. Estimate a unit cost of treatment ($ km-2 for areal treatments or $ km-1 for a
linear treatments such as riparian revegetation)
2. Estimate the expected reduction in contribution that can be achieved from
treating each band in t km-2 yr-1 or t km-1 yr-1. One method is to estimate the
reduction as a proportion of the average erosion intensity within the band,
given in the tables. Consequently, the amount of reduction (t km-2 yr-1 or t km-1
yr-1) increases with contribution intensity, making it most efficient to implement
treatments in areas with highest contribution intensity assuming unit cost is
independent of erosion intensity. Suggested percentage reductions in
contribution resulting from typical riparian revegetation treatments are (a)
70% reduction in hillslope sediment delivery ratio (b) 80% reduction in gully
erosion, (c) 70% reduction in bank erosion. The expected reduction must also
consider the proportion of the band that can physically be treated; for
example reducing erosion rates in national park areas may not be feasible.
3. Calculate the cost/benefit ratio ($ t-1 yr-1) for each band of each source as
(Unit cost [$ km-2] / reduction in contribution [t km -2 yr-1]). These ratios can be
used to compare the effectiveness of treating amounts (i.e. bands of
contribution intensity) of different sources. For example, it may be most cost
effective to treat the top three bands of one source and only the top band of
another source. Each cost/benefit ratio has an uncertainty arising from
uncertainty in the predicted erosion intensity, the unit cost of treatment and
the reduction
4. Calculate the total cost of completely treating each erosion intensity band of
each source by multiplying the cost/benefit ratio by the extent of treatment
required. Estimate the total cost of achieving a given reduction in total
contribution (t yr-1) by adding the costs of the treated bands in ascending
order of their cost/benefit ratio.

6.2. Spatial patterns in contribution intensity from each
source
General notes:
•

The contribution intensity maps in Appendix C are appropriate for identifying
areas of high priority for further investigation.

•

The process of identifying sites for treatment within the areas of high
contribution intensity should include site inspections. For example, some
areas of riparian zone assessed as having tree cover may be in poor
condition and subject to erosion. For example, banks vegetated by
blackberries and willows may be subject to under-cutting and provide poor
protection from erosion. Other areas assessed as non-vegetated may not
require revegetation (e.g. point bars).

•

The colour schemes on each map are not directly comparable in that the
contribution intensities for each class vary between maps.

•

The spatial pattern of bank and gully erosion contribution for suspended
sediment is identical to the bank erosion contribution for phosphorus and
nitrogen since uniform nutrient concentrations are applied for subsoil.
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•

Contribution from bank erosion is mapped against the sub-catchment
corresponding to each link for ease of comparison between sources, even
though bank erosion occurs along links rather than across sub-catchments.

•

Uncertainties in the predicted spatial patterns of contribution intensity are
discussed in Section 4.2.

Bank erosion priorities

Bank erosion is predicted to be proportional to stream power and inversely
proportional to the extent of riparian vegetation (tree cover within 40 m of the river).
For the latter, the predicted bank erosion rate is reduced by 95% in the portion of
each link that has intact riparian vegetation (Section 3.1.6). The bank erosion map
entitled "Active bank suspended sediment contribution" (Figure 15) has been
constructed to aid in the targeting of bank erosion treatment measures. Figure
15 shows the erosion contributions (in t km-1yr-1) from degraded riparian areas,
i.e. areas without tree cover. In contrast, Figure C3 (Appendix C) indicates the bank
erosion in m yr-1 averaged over the length of each link (many km’s), and includes
both healthy and degraded riparian vegetation. Because the occurrence of degraded
riparian vegetation is often localised and fragmented along the river network,
especially in mountainous regions, this averaging effect diminishes our ability to
detect regions of intense bank erosion. By focussing on just degraded segments of
the river network Figure 15 therefore provides a better indication of where bank
sediment is derived from, and the intensity of the erosion delivering it to the river.
This analysis is particularly relevant in the steeper mountainous regions of the
catchment where riparian vegetation cover is more variable due to topographic
controls on landuse. (deleted sentence) Even where degraded reaches are
fragmented and their total length small compared with the total river length, their
repair could be a highly efficient means of reducing sediment fluxes to the Lakes.
As an example of the relevance of using “active bank suspended sediment
contributions” (Figure 15) rather than “average bank erosion” (Figure C3), the
average rate of bank erosion for the Latrobe River downstream of Traralgon Creek is
(from Figure C3) 0.07 m yr-1. This is similar to the average bank erosion rate for the
Wonnangatta River between the confluences of the Wongungarra River and the
Dargo River (0.08 m yr-1). However if one just considers the non-vegetated
(degraded) riparian areas of these rivers (Figure 15), the Latrobe River downstream
of Traralgon Ck has a suspended sediment contribution to the Lakes of 322 t
km -1yr-1, whereas the Wonnangatta River contributes 2900 t km -1yr-1. Thus
remediation of reaches in the Wonnongatta River would address a more intense
source of sediment contribution to the Lakes than an equivalent length of
remediation in the lower Latrobe.
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Figure 105: Bank erosion fine sediment contribution for the non-vegetated portion of
each river link. Note tracer results indicate that bank erosion in the Moe, Avon and
Nicholson catchments should be higher than indicated.
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7. Conclusions
From this study we make the following conclusions:
•

Modelling of Catchment sources using SedNet indicates that channel bank
erosion is the largest contributor of fine sediment to the Gippsland Lakes.
This conclusion is supported by surface and geochemical sediment tracers
and independent data on bank erosion rates and sediment yields, which
constrain model predictions and show that topsoil contribution to the Lakes is
minor, being <15% in the West Gippsland and <30% in the East. In particular,
soils unlabelled with surface tracers dominate sediment fluxes to the Lakes
and phosphorus data indicates this soil is derived from channel banks rather
than subsoil (gully) sources.

•

The proportion of bank-derived sediment is higher in the western catchments
(87%) compared to the east (62%). In West Gippsland the Thomson, the
Latrobe below Lake Yallourn and the Avon Rivers are the greatest sources of
bank-derived sediment to the Lakes. Bank erosion rates are also locally high
in Moe River. In East Gippsland the Wonnangatta and Mitchell Rivers deliver
the most riverbank sediment. In addition to river discharge and valley slope,
riparian vegetation condition and historical mechanical disturbance in river
channels appear to be important factors affecting bank erosion.

•

It is likely that bushfire has increased the proportion of sediment contributed
to the eastern Lakes from hillslope erosion during the study period. There is
evidence that topsoil erosion in the Tambo River catchment in particular is
elevated. Depending on the occurrence of future fires this effect can be
expected to decline and may be negligible by 2010 as vegetation recovers
and post-fire sediment is progressively transported from in-channel stores.

•

Overall, gully and tunnel erosion are a minor component of total yield
delivered to the Lakes. Some locally significant regions of gully and tunnel
erosion exist, with tunnel erosion in East Gippsland being possibly as much
as 15% of the Mitchell River sediment yield.

•

Geochemical (major and tracer element) tracers provided limited spatial
discrimination of sediment sources due to the limited geological variation
though Gippsland. In the sub-catchments where some discrimination is seen
(Narracan Creek and Swift’s Creek) the sediment tracer analysis generally
supports the spatial modelling results.

•

Management action to achieve reduction in sediment and nutrient export most
efficiently should consider spatial hotspots of contribution to the Gippsland
Lakes and also the unit cost of treatment.
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Appendix A - Photos of selected sediment sampling sites

A.1

A.2

A.3

A.4

A.5

A.6

Figures: A.1 Bank erosion in Traralgon Creek; A.2 Bank collapse in Traralgon
Creek; A.3 Collapsing bank in the Moe Drain; A.4 Gullying in Fels Ck;
A.5 Eroding banks in the Latrobe River at Rosedale; A.6 Channel scour
in Watts Creek, East Gippsland.
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A.7

A.8

A.9

A.10

Figures: A.7 and A.8 Tunnel erosion in the Glenaladale region (photos P.
Robinson); A.9 Cultivation in the Narracan Creek catchment; A.10
Cultivation on the Mitchell River floodplain near Bairnsdale.
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A.11

A.12

A.13

A.14

Figures: A.11 Irrigated pasture near Maffra, West Gippsland; A.12 Dryland
pasture East Gippsland; A.13 Sampling mobile soil from pasture; A.14
Runoff from forest roads.
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A.15

A.16

A.17

A.18

Figures: A.15 Rainforest, West Gippsland; A.16 Open Forest, East Gippsland;
A.17 Plantation forest, Traralgon Creek catchment; A.18 Moe drain.
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Appendix B – Figure of catchment extents
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Figure B1: The extent of various catchments as described in the text of the report
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Appendix C - Maps of predicted sediment and nutrient
budget results
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Figure C1: Hillslope erosion contribution to the Gippsland Lakes. Note HSDR = 0.1 for
forest and 0.2 for pasture.
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Figure C2: Gully erosion contribution to the Gippsland Lakes. The areas of active
erosion (dark green) shown in the dashed rectangle indicate areas of tunnel erosion.

CSIRO Land and Water

Page 61

Average Bank erosion rate m/y
0.0000 - 0.0250
0.0251 - 0.0500
0.0501 - 0.1000
> 0.1000

SWIFTS CREEK

DARGO

BRUTHEN

LINDENOW
BAIRNSDALE
BRIAGOLONG
LAKES ENTRANCE
PAYNESVILLE
WALHALLA
ERICA

HEYFIELD

MAFFRA STRATFORD

COWWARR
LOCH SPORT

SALE
YALLOURN NORTH

WARRAGUL

MOE

ROSEDALE

TRARALGON

YARRAGONTRAFALGAR
MORWELL

CHURCHILL

0

10

20

40

Kilometres

Figure C3: Average bank erosion rates. Note tracer results indicate that bank erosion
in the Moe, Avon and Nicholson catchments should be higher than indicated.

CSIRO Land and Water

Page 62

P Dissolved Contribution kg/ha/y
0.0 - 0.1
0.1 - 0.2
0.2 - 0.3
> 0.3

SWIFTS CREEK

DARGO

BRUTHEN

LINDENOW
BRIAGOLONG

BAIRNSDALE
LAKES ENTRANCE
PAYNESVILLE

WALHALLA
ERICA

HEYFIELD

MAFFRA STRATFORD

COWWARR
LOCH SPORT

SALE
YALLOURN NORTH

WARRAGUL
MOE

ROSEDALE

TRARALGON

YARRAGONTRAFALGAR
MORWELL

CHURCHILL

0

10

20

40

Kilometres

Figure C4: Contribution of Phosphorus in dissolved runoff to the Gippsland Lakes.
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Figure C5: Contribution of Phosphorus from hillslope erosion to the Gippsland Lakes.
Note HSDR = 0.1 for forest and 0.2 for pasture.
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Figure C6: Contribution of Phosphorus from gully erosion to the Gippsland Lakes
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Figure C7: Contribution of Phosphorus from bank erosion to the Gippsland Lakes.
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Figure C8: Contribution of Nitrogen from dissolved runoff to the Gippsland Lakes.
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Figure C9: Contribution of Nitrogen from hillslope erosion to the Gippsland Lakes.
Note HSDR = 0.1 for forest and 0.2 for pasture.
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Figure C10: Contribution of Nitrogen from gully erosion to the Gippsland Lakes.
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Figure C11: Contribution of Nitrogen from bank erosion to the Gippsland Lakes.
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