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1 Background 
 
In 2003, a Coastal Catchments Initiative (CCI) project was established for the Peel-Harvey 
Catchment.  One of the projects involved establishing a Decision Support System (DSS) which 
would be used to test potential scenarios for any impact on the water quality of inflows to the 
Peel-Harvey Estuary. The catchment was split into 17 subcatchments for the purpose of reporting 
to the Water Quality Improvement Plan (WQIP).  Several catchments have many outlets and 
Figure 1 shows each of the 48 outlets.  Each scenario was tested for its impact on the median 
winter load and the median winter concentration of Total Phosphorus (TP).  Furthermore, Load 
Reduction Targets (LRTs) were developed using the DSS, based on the Swan-Canning Cleanup 
Program (SCCP) median winter concentration target of 0.1 mg/L of TP.  The aim is to find a 
suitable scenario which meets the LRTs and reduces median winter concentrations of TP. 
 
Scenario development proceeded with the assistance of the Department of Agriculture (AgWA) 
Waroona office.  A list of 30 scenarios were developed, focusing on the application of agricultural 
Best Management Practices (BMPs) on different areas of the Peel Harvey Catchment. The 
scenarios were set up with 4 different uptake rates (25, 50, 75 and 100%), reflecting the 
proportion of the catchment where landowners would implement the BMPs.  This created 120 
possible scenario combinations to be run. Following the most recent calibration of the Peel 
Harvey DSS in July 2005, a further 13 scenarios were included, focusing on agricultural and 
urban land use management over the catchment. For these scenarios, the uptake rate was 
assumed to be 100%. 
 
Several of the scenarios were discarded during the project. In the first instance, only the 100% 
uptake rate was tested on the AgWA scenarios. This is because if the 100% uptake scenario had 
no appreciable impact on water quality, a lower uptake would have even less success. Secondly, 
9 of the 30 remaining AgWA scenarios were not run. These scenarios correspond to either a) 
situations that are not likely to occur in the near future, b) situations where the information 
provided was not specific enough, or c) scenarios dealing with riparian vegetation management. 
Therefore, a combined total of 34 scenarios were run.  
 
For sake of simplicity, the rest of this report will use the term “concentration” for winter median 
concentration and “loads” for winter median loads, unless specified. 
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Figure 1: Location of the 48 outlets of the 17 reporting catchments on the Coastal Plain. 
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2 Hydrological and water quality model: LASCAM 
 
The Large Scale Catchment Model (LASCAM) has been developed to predict the impact of land 
use and climate change on the streamflow, salinity, sediment and nutrient loads in large 
catchments over long time periods (Sivapalan et al., 1996 a,b,c; Viney et Sivapalan, 1996, 1999, 
2001, Viney et al., 2000). 
 
LASCAM is a complex conceptual model with a daily time step. The basic building blocks are 
subcatchments organised around the river network. All hydrological and water quality processes 
are modelled at the subcatchment scale; the resultant flows and loads are aggregated via the 
stream network to yield the response of the catchment at the main outlet and at any number of 
intermediate points on the stream network. 
 
The inputs to the model are daily rainfall and potential evaporation, landscape attributes relating 
to the A and B soil horizons, leaf-area index, percentage of deep-rooted vegetation and 
percentage of impervious area, for each of the subcatchments. The quantities and application 
dates of fertiliser in each subcatchment are also required.  
 
Calculation of the daily fluxes of water, salt and sediments through the soil and discharge to the 
stream is based on three soil moisture stores representing the near-stream perched aquifer (A 
store in Figure 2), the permanent deep groundwater system (B store), and the intermediate 
unsaturated zone (F store). In order to represent the large mass of salt stored in the soil profile 
just above the water table (typical of the south west of Western Australia) the model incorporates 
an additional salt store, called the P store. The general structure of the salt model and the way it 
relates to the underlying hydrological model is shown in Figure 2. 
 
Nutrient storage in soils occurs primarily in the uppermost few centimetres where it is accessible 
to shallow-rooted vegetation. Surface water fluxes interact with this layer and can dissolve some 
of the soluble nutrient stores, as well as causing erosion of the organic and adsorbed stores. As 
none of the water stores in LASCAM is dedicated solely to this upper layer, calculation of the 
daily fluxes of nutrients through the soil and discharge to the stream requires the introduction of a 
new store (U) containing nutrients in the upper layer of the unsaturated zone. The existing A store 
is assumed to account for all nutrients in the saturated riparian zone. The general structure of the 
nutrient models and the way in which they relate to the underlying water and sediment balance 
models are shown in Figure 3. Phosphorus and Nitrogen are modelled in both dissolved and 
particulate forms. In the case of nitrogen, the soluble component is further discriminated into 
nitrate-nitrogen and ammonium-nitrogen. The soluble nutrients are transported in surface and 
subsurface water fluxes, and once in the stream they are routed conservatively. Particulate 
nutrients, which are assumed to be either organic, or inorganic1 components attached to eroded 
sediment material (derived from upslope erosion, or from bank and bed erosion in the stream 
channel), are transported non-conservatively. That is the particulate exchanges between the bed 
and the flow mean that the mass of particulate nutrients in suspension is not conserved. However 
the particulate routing model is conservative in the sense that it assumes that there is no cycling 
or uptake of nutrients once they are in the stream. 
 
For each subcatchment, a set of physically-based relationships is used to describe the processes 
which direct water, salt, soluble phosphorus, total phosphorus, nitrate, ammonium and total 
nitrogen between stores and to distribute rainfall either into the stores or directly into the stream. 
The associated parameter set is global, however the impacts of some parameters are modified in 

                                                        
1 On the Swan Coastal Plain, the proportion between organic and inorganic nutrient depends on the catchment. Following 
Donohue et al (1994), the range of variation of inorganic/organic ratio for phosphorus is between 25 to 73% (25% for Avon 
River, 45% for southern river (typical SCCP catchment), 73% for Ellen Brook). For nitrogen the ratio varies between 14 to 
42% (14% for Ellen Brook, 29 % for the Avon River, 42% for Southern River). 
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an objective way by local landscape attributes for application to individual subcatchments. 
 

 
Figure 2: Small catchment model (building block model) in LASCAM for water and salt (Sivapalan et al., 
1996b). 
 
The hydrological and water quality model has 87 parameters, which describe each of the 13 
potential flux paths. Of these, 30 define the water balance, 5 define the salt balance, 6 define the 
sediment balance and 29 define the nutrient balance (11 for the phosphorus model and 18 for the 
nitrogen model). A further 7 parameters define the initial storage values and 10 define the 
disaggregation of the initial average stores to each subcatchment. While some parameters are 
physically meaningful and even measurable (e.g., solute concentrations in the throughfall2) or can 
be estimated from literature values (e.g., nutrient harvest fractions and the enrichment ratios for 
nutrient erosion), most of the parameters are conceptual and can only be quantified by calibration 
against streamflow or stream nutrient load data. The model is calibrated using a Shuffled-
Complex Evolution algorithm (Duan et al., 1994) to optimise an objective function relating one or 
more pairs of observed and predicted fluxes. The objective function is based on the daily model 
efficiency statistic with a Box-Cox transformation (Box and Cox, 1964) of data values. 
 

                                                        
2 Throughfall represents the rainfall after interception by vegetation canopy. 
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Figure 3: Small catchment model (building block model) in LASCAM for water, sediments and 
nutrients (Viney et al., 2000). 
 
LASCAM has been successfully applied to several subcatchments in the south west of Western 
Australia (eg: Ellen Brook, Mills Street Main Drain, Southern River, Susannah Brook, Jane Brook, 
Avon River, Collie River and the Vasse-Wonnerup catchments) and to overseas catchments 
(Marawak, Malaysia and Kinneret, Israel). It gives good results for both large and small 
catchments and has been used to model the Salmon catchment, located in the Collie River 
catchment (Sivapalan et al., 1996a,b), with area <1km2 and the Avon catchment (Viney and 
Sivapalan, 2001) which has an approximate area of 121 000 km2. 
 
One can note that the original model has been modified to take into account point sources export 
to land and water and septic tank contribution. The latter is modelled as a groundwater source of 
nutrients. 
 

3 LASCAM Data requirements 

3.1 Model Data requirement 
 
A detailed discussion about the LASCAM data requirement is presented in the second progress 
report (Zammit et al, 2005b). The data required to run LASCAM is defined at the subcatchment 
scale and are summarised below:  
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1. Topology information: This is information relating to the stream network in the catchment.  A 
subcatchment outlet can be defined at any point on the stream network. The subcatchment is 
then defined as all areas that drain to this point excluding previously defined upstream 
subcatchments. Subcatchments can have many upstream subcatchments but only one 
downstream subcatchment.  

2. Climate data: Two sets of climatic data are used in LASCAM. The first set is used to 
distribute the initial catchment-scale average water storage and potential pan evaporation on 
each of the subcatchments. This set is the long-term annual rainfall and Class A pan-
evaporation at each subcatchment centroid. The second set is the daily rainfall information 
estimated for the centroid of each subcatchment. 

3. Information derived from Land use type:  
• The Leaf area Index (LAI) is specified for the riparian and non-riparian vegetation in 

each subcatchment for each year of the simulation.  
• The percentage impervious area is specified in each subcatchment for each year of 

simulation. 
• The percentage deep-rooted vegetation is specified for riparian and non-riparian 

vegetation in each subcatchment for each year of simulation 
4. Phosphorus Retention Index (PRI) for each subcatchment. This information is used to 

quantify the Phosphorus retention capacity in each of the subcatchments. 
5. Fertiliser application rates. The timing and quantity of fertiliser application is specified for 

each subcatchment.  It is possible to specify different application rates for different years. 
6. Nutrient soil storage chemistry. This information is used to set up the initial nutrient soil 

chemistry conditions.  
7. Pollutant point sources as a daily time series at given locations. 
8. The discharge and water quality at the outlet of some or all of the subcatchments. These data 

are used to calibrate the model and to obtain a set of parameters specific to the whole 
catchment. 

 

3.2 Flow and water quality 
 
The flow and water quality data for the Peel Harvey catchment are from several sites spread 
across the four main catchments: Serpentine, Murray, Harvey River and Harvey Estuary. The site 
locations are displayed on Figure 4, which covers the area where the Water Quality Improvement 
Plan is going to be applied. The collection dates and the number of samples for each site are 
listed in the third progress report (Zammit et al, 2005c).  
 
Analysis of the phosphorus data over the catchment indicates that partitioning into soluble and 
particulate forms varies from 34% soluble P in the lower Serpentine to 70% soluble P in the 
Harvey Estuary catchments. As a result, the partitioning between the filterable (soluble) and 
particulate phosphorus cannot be neglected in the calibration of the water quality model. Thus 
sediment movement on the catchment needs to be taken into account to correctly reproduce the 
phosphorus signature at each of the gauging stations.  
 
Sediment data analysis indicates that sediment data sets are available at only three locations: 

• Dog Hill on the Serpentine River (AWRC ref 614030); 
• Pinjarra Weir on the Murray River (AWRC ref 614065) 
• Clifton Park on the Harvey River. (AWRC ref 613052) 

 
Due to limitations in the number of sites sampled for sediment data, hydrological and water 
quality calibrations were done for the following catchments: Serpentine River, Murray River and 
Harvey River. As a result, three different models representing the three main rivers system have 
been calibrated. 
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Due to time constraints and the large size of the catchment (~12,000km2), 10 gauges were used 
to calibrate the hydrological and water quality model, the remaining gauges will be used to assess 
the validity of the calibration results. The choice of the gauges is driven by their historical 
importance (e.g. it will be the location of primary load measurement unit, see Monitoring and 
Evaluation project reports) and the quality of the phosphorus data at each location. The sites 
used for calibrations are presented in Table 1. 

 
Figure 4: Gauging station on the Coastal Plain of the Peel Harvey catchment. 
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Table 1: Calibration site used in the hydrological and water quality model. 

AWRC Reference (Name) and Context Name Starting 
Year3 

Ending 
Year 

Serpentine    

614030 Serpentine Drain (Dog Hill) 1979 2004 
614005 Dirk Brook (Kentish Farm) 1971 2001 
Murray    

614065  Murray River-(Pinjarra) 1991 2004 
Harvey Estuary    

613029 Caris Drain (Greenlands Road)                                                                                                                 1991 1996 
613030 Coolup Main Drain (Paull Road) 1991 1995 
613031 Mayfield Main Drain (Old Bunbury Road) 1991 1996 
613054 Mayfield Sub G Drain (Mayfield) 1982 1995 
613027 South Coolup Main Drain (Yackaboon) 1990 1996 
613032 Mealup Drain (Mealup Road) 1991 1997 
Harvey    

613052 Harvey River (Clifton Park) 1982 2004 
 
Eight Dams are present on the catchment. These dams are managed by Water Corporation and 
Harvey Water and are used for water supply or irrigation purpose. They are characterised within 
the model by a maximum capacity and a starting year, which is presented in Table 2. Because of 
the unnatural behaviour of the dam releases in terms of water and phosphorus yields, their 
capacities have been adjusted by the model. This means that two adjustments to the model and 
modelling process are required. Firstly, the model in the case of dam releases, the model aimed 
to reproduce correctly the monthly and / or the annual volume rather than attempt to reproduce 
daily output. Secondly, modifications have been made to the model such that it provides the 
opportunity to incorporate the daily release (water and water quality) from each of these eight 
dams if the release is known on the daily basis. At the time of the calibration, no dam release 
information was available. 
 
Table 2: Dams on the Peel Harvey catchment and their maximum capacity 

 Completion Year Maximum capacity (ML) 
Serpentine Dam 1961 137667 
South Dandalup  1973 138011 
Conjurup 1994 180 
North Dandalup 1994 74849 
Logue Brook 1963 24590 
Samson Brook  1941 7993 
Drakes Brook 1931 2290 
Waroona  1966 14872 

 
Several wetlands and lakes exist on the Peel Harvey catchment. Most are located on the 
Serpentine catchment and are below the gauging station in the tidal-influence zone. Only one 
                                                        
3 The starting year and ending year provided corresponds to the hydrological data. The data 
period covered by the water quality data is given in Annexe1. 
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major wetland (Spectacles Wetland) is located above a gauging station and has been 
incorporated into the model. Spectacles wetland is known for its capacity to treat and remove 
nutrients. Table 3 summarises the major wetlands and lakes in the area covered by the WQIP. 
 
Many wetlands are located in the tidal-influence zone of the four main catchments. However 
because of the lack of information regarding these wetlands and their relatively small size (with 
respect to the size of the subcatchment they are located in) it was impossible to incorporate them 
into the modelling. 
 
Table 3: Location of the main wetland and lake in the area covered by the WQIP. 

Name  Location 
The Spectacles Upper Serpentine 
Black Lake Lower Serpentine 
Geogerup Lake Lower Serpentine 
Yalbanberup pool Lower Serpentine 
Guanarnup pool Lower Serpentine 
Lake Mealup Harvey Estuary 
Lake Mclarty Harvey Estuary 

 

3.3 Point Sources 
 
The point source information was collated using three sources:  
• the National Pollutant Inventory (NPI) database,  
• the Department of Environment’s (DEP) pollution preventive system (PPS) database, and 
• the historic point sources presented in Hirschberg (1991).  
 
The Department of Agriculture, W.A. (Ag WA) has collated a list of agricultural point sources 
including dairies, piggeries and feedlots. However their contributions to nutrient pollution are 
small compared to emissions from the sources listed in the NPI and DEP databases, so have 
been included in the diffuse agricultural sources. 
 
On the Peel Harvey catchment, there are 22 sites licensed by the NPI for emissions to land 
and/or water. Of these, six sites have TP emissions which are greater that the reporting threshold 
for Phosphorus (of 3 tonnes per annum) and are thus required to report their emissions of TP to 
the NPI. These are a landfill site, two waste-water treatment plants and three industrial sites. Note 
that only one of these sites (landfill in Armadale) is located in the area of the WQIP. Table 4 
summarises the sites and their emission since 1999. 
 
On the Peel Harvey catchment, 44 sites have license conditions established by the EPA (A 
review of Environmental Protection Regulations to protect the Peel Harvey system). These sites 
are listed in the DEP’s PPS database (Pollutant Point Source database). Each site has a license 
based on the maximum export rate, which has been evaluated at 1kg TP/ha/year for an average 
year. Table 5 summarises the licensed sites in each of the main catchments as well as their 
license conditions.  
 
Hirschberg established the groundwater contamination inventory in 1991. The main drawback of 
this data is that it has not been maintained. Because of the huge modification in land use that 
occurred in the catchment between 1992 and 2003, it is difficult to use this dataset as most of the 
contamination points have been terminated. However, analysis of this data set indicates that the 
contamination sites that are still in production mode are encompassed in the DEP data set and 
the NPI dataset. 
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Because all of the included point sources have a known export rate, it is necessary to transform 
this export rate in a daily time series. It was assumed that daily export from point sources was 
proportional to rainfall for that day. So for any given day in a year  total export can be expressed 
as  

rtAnnaulExpo
annualrain

dailyrain
tDailyExpor *!

"
#$

%
&=  

 
 
Table 4: NPI reporting sites for the Peel Harvey Catchment. 

Registered 
By: 

City of 
Armadale 

BP 
Refinery 
(Kwinana)  

TiWest P/L CSBP 
LIMITED 

WA Water 
Corporation 

WA Water 
Corporation 

Facility Name Armadale 
Landfill & 
Recycling 
Facility 

BP 
Refinery 
(Kwinana) 
Pty Ltd 

Kwinana 
Pigment 
Plant 

CSBP 
Kwinana 
Works 

Point Peron 
WWTP  

Woodman 
Point WWTP 

Latitude -32.196622 -32.227701 -32.231753 -32.241111 -32.271870 -32.142716 
Longitude 115.964516 115.767314 115.772534 115.761389 115.693981 115.772191 
Local Gov’t 
Authority 

Armadale  Kwinana  Kwinana Kwinana Rockingham  Cockburn  

TP export 
(kg/year) 2003 

7 2405  7497 53000 432000 

TP export 
(kg/year) 2002 

 5706  5268 47420 408160 

TP export 
(kg/year) 2001 

   3970 46603 495509 

TP export 
(kg/year) 2000 

    37600 397100 

TP export 
(kg/year) 1999 

    31653 364635 

 
 
Table 5: Licensed sites per catchment and the total releases allowed under current license 
conditions. 

 Number of sites Total area (ha)  Maximum Export (kg/year) 
Outside WQIP area 4 131.60 132 
Harvey River 8 382.76 383 
Murray 2 64.15 64 
Serpentine 30 1760.28 1760 

 

3.4 Land use information 
 
Three land use maps are available on the WQIP catchment: 1992, 2000 and 2003. Due to its 
extremely poor quality the 2000 land use map was discarded and only the two remaining land use 
maps were used in the modelling. As a result, land use prior to 1992 is assumed to be identical to 
that of 1992, a linear variation is assumed between 1992 and 2003, and land use post 2003 is 
assumed to be unchanged. Because of the model structure, correct specification of land use 
information is crucial to the success of the modelling. The different land uses present in the Peel 
Harvey catchment are given in progress report 3 (Zammit et al, 2005c). 
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Soil sample information was compiled by the Department of Agriculture on yearly basis over the 
period 1981-1991. This information was used to modify the 1992 land use coverage to estimate 
land use maps each year from 1981 to 1991.  
 
Outside of the WQIP area, only one land use map is available (National Land and Water 
Resource Audit) and is therefore used in the modelling. Unfortunately, the quality of this data is 
dubious. 
 
Historical streamlining information has been compiled by Landcare groups and is available from 
1992 onwards. The characteristics of the riparian vegetation derived from this coverage are: 
percentage area of deep-rooted riparian vegetation and percentage of the stream line with 
riparian vegetation per subcatchment. Riparian vegetation that has been planted generally is 50% 
deep-rooted vegetation and is characterised by a 5-year growth phase before reaching its 
maximum capacity and size. 
 

3.5 Soil characteristics 
 
In the Peel Harvey catchment the main geomorphic elements comprise of: Coastal Plain, 
Bassendean Sand, Pinjarra Sand, and the Western Darling Range. 
 
In LASCAM the soil is characterised by its Phosphorus Retention Index (PRI), which is 
determined from AgWA mapping units. The subcatchment PRI value is the result of an areally-
weighted average process. Because PRI values were estimated from the mapping unit and not 
from actual field measurements, some discrepancies could exist between local field results and 
model parameter estimation. 
 
The initial soil chemistry content is based on extractable bicarbonate-P concentration taken from 
the AgWA mapping units. A subcatchment initial storage value is given by an areally-weighted 
average of this concentration.  
 

3.6 Fertilisation rates 
 
Phosphorus inputs on the catchment are from atmospheric deposition and fertilisation. Because 
of the water quality model structure, correct specification of these application rates is crucial to 
the success of the modelling. The fertilisation rates are from three different sources: 
1. Results from the survey (Lavell, Summers and Neville, 2004) conducted by AgWA, which is 

one of the Coastal Catchment Initiative projects (CCI). This survey contains for each of the 
main land use a P loss export, which has been converted into an application rate for each 
land use (Summers and Neville, personal com.) 

2. Kelsey (2001) who published a literature review of fertilisation rates for land use on the Swan 
Coastal Plain.  

3. Jim Davies and Associates (2001) derived fertilisation application rates for urban areas by 
two methods: survey and aerial photography analyses. Recent modelling on Southern River 
catchment (Kelsey and Zammit, 2003) indicates that fertilisation application for urban areas 
derived by aerial photography analyses are more representative than the ones derived by the 
survey method.  

 
The fertilisation rates used in the modelling of the Peel Harvey catchment are detailed in progress 
report 3 (Zammit et al, 2005c). The rates for native vegetation are set to zero. Urban has a 
fertilisation rate of 17.5 kg/ha/year. Recreation and Culture land use is given fertilisation rate half 
of the urban land use since it is a mix of fertilised playing fields and native bush. Rural residential 
land use is assigned the fertilisation rate from “pasture and crop rotation” land use in Sharma et 



12 

al. (1996). 
 
The timing of the application of fertiliser is based on the results of both the survey conducted by 
AgWA and the work of Viney and Sivapalan (2001) on the Ellen Brook and Avon catchments. The 
timing used in the modelling is given in Table 6. 
 
Table 6: Timing of the fertiliser application used in the Peel Harvey Catchment. 

Land use Fertiliser timing (month) and quantity (% annual) 
Viticulture Oct (1/6), Nov (1/6), Dec (1/6), Jan (1/6), Feb (1/6), Mar (1/6) 
Poultry Jan (1/4), Feb (1/4), Mar (1/4), Apr (1/4), 
Pigs Apr (1/4), May (1/4), Aug (1/4), Sep (1/4), 
Perennial Horticulture  
Mixed grazing Apr (1/4), May (1/4), Aug (1/4), Sep (1/4), 
Horses Jan (1/5), Apr (1/5), Jun (1/5), Jul (1/5), Sep (1/5) 
Feedlots 9 months not in winter 
Cattle for Dairy Mar (1/2), Jul (1/2) 
Cattle for Beef Apr (1/2), Aug (1/2) 
Annual horticulture All year around 
Urban Jan (1/4), Mar (1/4), Sept (1/4), Nov (1/4) 
Rural May (2/3), Sep (1/3) 

 

4 Calibration 
 
The Peel Harvey catchment is disaggregated into a network of 328 subcatchments, which are 
displayed in Figure 5. The network used for the calibration includes the presence of 8 Dams and 
1 wetland. The model was applied and calibrated to simulate the water, sediment and 
Phosphorus balances over a 35 year-period between 1970 and 2004. The first 5 years (1970-
1974) are used as a “spin-up” period, where the initial and boundary conditions can take effect. 
 
LASCAM is calibrated against observed flow and nutrient load data to derive model parameters 
applicable to the Peel Harvey catchment. The Phosphorus calibration depends in the sediment 
calibration, which in turn depends on the Hydrological calibration. Therefore, each catchment 
must be calibrated 3 times, once each for Hydrology, Sediment and Phosphorus, in that order. 
Three hydrological models were calibrated using data from the sites presented in Table 1 (10 
sites), these models representing the three main rivers system. The sediment models were then 
calibrated for each model with the corresponding sediment data. The phosphorus models were 
calibrated with the data from the sites presented in Table 1. The efficiencies for each of the 
calibrations are given by  
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Figure 5: Subcatchment delineation on the Peel Harvey catchment. 
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loads. A value of 0.7 or greater is considered a good result. Graphs of the predicted and 
observed yields and concentrations for the calibration period for each of the gauge are presented 
hereafter. 
 
The assumptions of the modelling and the calibration results are discussed in detail in progress 
report 3 (Zammit et al-c, 2005). It should be note that the results presented hereafter are 
depending of the assumptions and the calibration of the model. Any errors during the calibration 
process will hence be transferred to any decision-making scenarios. 
 

5 Current Condition 
 
Due to the fact that most of the load is exported during the winter season, the load and 
concentrations presented hereafter are expressed in terms of median winter load and 
concentrations calculated over the period 01 June to 31st of October. In order to encompass the 
climate variability factor these number are calculated for a climate sequence period representing 
the climate experienced during the period 1990-2004. 
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5.1 EPP Targets 
 
In 1992, the Environmental Protection Policy (EPA, 1988) specified maximum total phosphorus 
(TP) load for average conditions for the three main river catchments:  

• 21 tonnes for the Serpentine River. 
• 16 tonnes for the Murray River. 
• 38 tonnes for the Harvey River. 

That is, the total TP load for the whole catchment should not exceed 75 tonnes in an average 
year. 
 
These values were scaled by the Expert Review Committee (ERC) in 2003 (EPA, 2003) to give 
maximum average annual loads directly measurable at the three main gauging stations. These 
loads are: 

• 14 tonnes for Serpentine River at Dog Hill (614030). 
• 15 tonnes for Murray River at Pinjarra (614065). 
• 27 tonnes for Harvey River at Clifton Park (613052). 

 

5.2 Current condition assessment 
 
The assessment of the current conditions is displayed in Table 7 and Figure 6. Figure 6a 
represents the median winter load and the Figure 6b the winter median concentration. 
 

Current Condition:  Winter TP Loads (T)

Winter Load (T)
0 - 1
1 - 5
5 - 10
10 - 15
15 - 20
20 - 30
30 - 40
40 - 50
50 - 60
60 - 100

Current Condition:  
Median Winter TP Concentration (mg/L)

Median Winter 
Concentration 
(mg/L)

0 - 0.1
0.1 - 0.2
0.2 - 0.3
0.3 - 0.4
0.4 - 0.5
0.5 - 0.6
0.6 - 0.8
0.8 - 1
1 - 2
2 - 5

 
 
Figure 6: Current Condition. Median Winter Load and Median Winter Concentration 
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Table 7: Current condition for the 17 reporting WQIP catchments. The loads are in T and the 
concentrations in mg/l. 

Catchment Name
Catchment 

Outlet

Simulated Winter 

Median Load(T)

Simulated Winter 

Median 

Concentration 

79 15.082 0.025

84 4.646 0.025

109 0.454 0.034

112 8.172 0.021

121 4.471 0.017

155 0.068 0.026

156 0.004 0.015

157 0.052 0.011

Total Murray 15.206

158 0.823 0.093

159 0.126 0.216

160 0.052 0.149

161 5.845 0.163

164 0.617 0.083

243 4.466 0.203

245 0.25 0.09

246 5.011 0.312

279 0.107 0.246

280 0.145 0.169

272 0.158 0.233

273 0.11 0.353

274 0.045 0.256

275 0.337 0.39

276 0.515 0.601

277 0.545 0.689

278 0.68 2.032

281 0.585 0.696

282 0.319 0.281

283 0.249 0.507

182 1.623 0.591

183 3.734 0.169

190 1.447 0.191

192 6.372 0.182

203 0.311 0.223

208 7.37 0.14

220 4.702 0.163

233 0.427 0.096

234 6.689 0.167

231 7.887 0.15

167 31.987 0.158

174 0.689 0.176

Total Harvey 60.859

1 68.305 0.25

285 0.341 0.189

16 4.301 0.293

28 2.172 0.558

30 17.258 0.162

46 21.416 0.552

5 12.733 0.453

13 0.688 0.25

Total Serpentine 68.646

Total to Estuary 144.711  
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Several key observations can be made: 
 

• The estimated median winter TP load to the estuary is approximately 145 tonnes about 
two times greater than the allowable average annual load specified in the EPP (EPA, 
1988). 

 
• The Serpentine River catchment is producing 68 tonnes of Phosphorus, about three 

times that of the average load recommended (21 tonnes) by the EPP. The Murray River 
catchment (15 tonnes) has a median winter Phosphorus load similar in magnitude to the 
value recommended by the EPP, and the Harvey River catchment (60 tonnes) is about 
twice the load value recommended by the EPP. The results indicate that the Serpentine 
River catchment is the largest source of phosphorus export to the estuary. 

 
• Comparison between the EPP load recommendations at the gauging stations and the 

modelled average annual loads are: 
- Serpentine Dog Hill 614030 (17 tonnes) has a load slightly higher that the load 

recommended by the ERC. 
- Murray River Pinjarra 614065 (8 tonnes) has a load which is half of the 

recommended load. 
- Harvey River Clifton Park 613052 (31 tonnes) has a load slightly higher than the 

recommended load. 
 

• Comparing the above observations with those made previously indicates that the areas 
below the gauges are contributing disproportionally to nutrient export to the estuary. The 
catchments with high TP concentrations in Table 7 are the problem catchments. 

 
• The Murray catchment (above the Pinjarra gauge) is meeting the winter median 

concentration target of 0.1 mg/l. 
 

• All the subcatchments in the catchment area that are subject to high urbanization 
pressures (the area on the west of the Estuary) produce a small loads (less than one 
tonne) but consistently export water with a high concentration of TP. This result 
underlines the importance of urban land use to the nutrient loading of the Estuary, and it 
is evident that agriculture land use is not the only contributor to the load exported to the 
Estuary. 

 
• Point source loading represents only 2% of the total loading to the Estuary. This result 

indicates that further regulation of the agricultural point sources will lead to only a small 
reduction in nutrient export to the Estuary. It is interesting to note that these point sources 
are only a minor contributor of the load to the Estuary, but this is not the case at a 
subcatchment scale. For some of the catchments, eg Gull Road catchment, further point 
source regulation will reduce the load by 60%. 

 
• Septic tank contributions represents 17% of the load exported to the Estuary. Although 

this result is based on several assumptions (Zammit et al., 2005c) it is correlated to the 
extent of the infill sewerage program. 

 
 
 
 
 
 
 
 



17 

5.3 Source identification 
 
Based on the current conditions and results of the modeling, the sources of the Phosphorus load 
were identified for the 48 outlets across the 17 reporting catchments. This is presented below as 
the relative contribution of each land use type to the total Phosphorus load at the outlet of each of 
the major catchments and the estuary as a whole.  
 
Many different landuse classifications were specified for the model (Zammit et al., 2004). For the 
purposes of source identification, these were aggregated into 8 main land use types. These were: 

• Residential, which represents urban and rural residential areas 
• Industrial 
• Grazing, which represents intensive animal, feed lots and grazing areas 
• Horticulture 
• Intensive horticulture 
• Forestry 
• Agriculture 
• Cropping 

 
Other sources of Phosphorus exist that cannot be attributed to current landuse types. Landuse 
practices in the catchment dating back to the second world war often resulted over application of 
Phosphorus. Much of this has been stored in the soils and even under a zero fertiliser regime, 
would take years to leach out of the soil or “run down”. Also trace amounts of Phosphorus are 
delivered to the catchments via dust and rainfall. These Phosphorus contributions are grouped as 
“Atmospheric and Run Down”. 

Intense Animal

36%
Intense 

Horticulture

8%

Atmospheric & 

Rundown

34%

Other

1%

Residential

21%

 
Figure 7: Relative Phosphorus contributions by landuse type in the Serpentine catchment. 
 
Several important conclusions can be drawn from Phosphorus contributions in the Serpentine 
catchment, as shown in Figure 7. 
 

• Three main land use types account for the majority of Phosphorus load. Therefore 
remediation actions should focus on these land use types. If this is done effectively, 
major load reductions can be achieved.  

 
• Grazing (intensive animal) areas contribute a third of the Total Phosphorus export from 

the catchment. This is not surprising since grazing is the dominant land use type on the 
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Serpentine catchment.  
 

• Residential contributions represents more than a fifth of the total export from the 
Serpentine catchment. This is highly unexpected, as urbanised areas cover only a small 
portion of the catchment. It demonstrates that the Total Phosphorus exported from 
residential areas cannot be ignored and needs to be targeted by urban Best Management 
Practices (BMPs). Most urban development in the Serpentine Catchment has occurred in 
close proximity to waterways, which results in very little assimilation of the nutrients 
before reaching streams, giving these regions a higher relative nutrient contribution. 

 

Forestry

6% Cropping

14%

Atmospheric & 

Rundow n

41%

Agricultural

6%

Intense 

Horticulture

9%

Grazing

6%

Residential

6%
Industrial

6%

Horticulture

6%

 
Figure 8: Relative Phosphorus contributions by landuse type in the Murray catchment 
 
The breakdown of Phosphorus contributions for the Murray Catchment, presented in figure 8 
shows two key results: 
 

• The Phosphorus load in the Murray catchment comes from a greater variety of landuse 
types than any other major catchment and the estuary as a whole. Other than 
Atmospheric inputs and run-down, Cropping makes up the highest proportion of the 
Phosphorus load. The remaining land use types contribute similar amounts of 
Phosphorus. 

 
• Most of the area in the Murray Catchment, particularly East of the Darling Scarp is 

dedicated to cropping. It comes as no surprise then, that this land use type contributes 
more Phosphorus than any other.  

 
The following important conclusions can be drawn from the breakdown of Phosphorus 
contributions by each landuse in the Harvey catchment, shown in Figure 9:  
 

• Grazing and Residential areas are the only two land use types that contribute to the 
Phosphorus load in the Harvey catchment and remediation efforts should be focused on 
these land use types.  

 
• Most of the Harvey Catchment is used for grazing and the fact that this accounts for half 

the Phosphorus export from the catchment is expected.  
 

• Residential areas contribute almost a fifth of the total Phosphorus load. As seen in the 
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Serpentine catchment, this is unexpected since this land use type only covers a small 
area of the catchment. 

 

Residential

18%

Grazing

50%

Atmospheric 

& Rundown

32%

Other

0%

 
Figure 9: Relative Phosphorus contributions by landuse type in the Harvey catchment  
 
The following important conclusions can be drawn from the breakdown of Phosphorus 
contributions by each landuse to the Peel-Harvey Estuary, shown in Figure 10. 
 

• The source of Phosphorus delivered to the Estuary is varied, with each of the main land 
use types making significant contributions.  Therefore, it is appropriate for remediation 
efforts to be applied to all landuse types in the catchment.  This would create the problem 
that no single solution would achieve substantial load reductions and that a broad set of 
solutions applied across a wide range of land use types is required.   

 
• Grazing areas are the greatest contributor of Phosphorus load of the Estuary. This result 

was expected, and is directly linked to the area covered by this land use type.  
 

• Residential areas contribute a fifth of the Phosphorus load delivered to the Estuary. This 
ratio is nearly identical in all three of the major catchments. Importantly, this shows that 
agricultural areas are not the only major contributor of Phosphorus to the estuary and 
much can be gained from taking remedial action in urban areas. Inputs that cannot be 
attributed to landuse types - atmospheric inputs and run down of soil Phosphorus stores 
make up roughly a third of the total Phosphorus load which reaches the Estuary. This is a 
similar proportion across the three main subcatchments. This is consistent with 
contemporary understanding of historically high fertilisation rates and atmospheric 
Phosphorus contributions. Unfortunately, continuing run-down will mask the effectiveness 
of any remediation efforts that take place in the catchment. 
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Figure 10: Relative Phosphorus contributions by landuse type to the Peel Harvey Estuary. 
 
 

6 Load Reduction Targets 
 
Based on the current conditions and results of the modeling, Load Reductions Targets were 
calculated for the 48 outlets across the 17 reporting catchments. These loads represent the load 
reduction required in each catchment in order to meet the WQIP concentration target (WQT - the 
median winter concentration target of 0.1 mg/l for TP) at each reporting catchment outlet. The 
simulated median winter loads and load reduction targets are given in table 8. 
 
Analysis of the proposed LRTs indicates several results. Firstly, with current land use and climate 
conditions, each reporting catchment from the Murray Basin is meeting the required LRTs and 
WQTs at their outlets. Secondly, each of the Serpentine reporting catchments needs to reduce its 
loading by at least 40% in order to meet the LRTs. Thirdly, among the 32 Harvey reporting 
catchments, four are already meeting their required load and concentration targets and the 
remainder require at minimum of a 30% load reduction. 
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Table 8: Actual simulated winter median loads, load (LRT) and concentration reduction targets 
(CRT) 
 

Catchment Name
Catchment 

Outlet

Simulated 

Winter Median 

(T)

Target Winter 

Median (T)

Conc. Red. 

Target (%)

79 15.08 15.08 0.00

84 4.65 4.65 0.00

109 0.45 0.45 0.00

112 8.17 8.17 0.00

121 4.47 4.47 0.00

155 0.07 0.07 0.00

156 0.00 0.00 0.00

157 0.05 0.05 0.00

Total Murray 15.206 15.206

158 0.82 0.82 0.00

159 0.13 0.06 -53.70

160 0.05 0.04 -32.89

161 5.85 3.59 -38.65

164 0.62 0.62 0.00

243 4.47 2.20 -50.74

245 0.25 0.25 0.00

246 5.01 1.61 -67.95

279 0.11 0.04 -59.35

280 0.15 0.09 -40.83

272 0.16 0.07 -57.08

273 0.11 0.03 -71.67

274 0.05 0.02 -60.94

275 0.34 0.09 -74.36

276 0.52 0.09 -83.36

277 0.55 0.08 -85.49

278 0.68 0.03 -95.08

281 0.59 0.08 -85.63

282 0.32 0.11 -64.41

283 0.25 0.05 -80.28

182 1.62 0.28 -83.08

183 3.73 2.21 -40.83

190 1.45 0.76 -47.64

192 6.37 3.50 -45.05

203 0.31 0.14 -55.16

208 7.37 5.26 -28.57

220 4.70 2.89 -38.65

233 0.43 0.43 0.00

234 6.69 4.01 -40.12

231 7.89 5.26 -33.33

167 31.99 20.25 -36.71

174 0.69 0.39 -43.18

Total Harvey 60.86 35.46

1 68.31 27.32 -60.00

285 0.34 0.18 -47.09

16 4.30 1.47 -65.87

28 2.17 0.39 -82.08

30 17.26 10.65 -38.27

46 21.42 3.88 -81.88

5 12.73 2.81 -77.92

13 0.69 0.28 -60.00

Total Serpentine 68.65 27.50
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7 Sensitivity Analysis 
 
In order to assess the sensitivity of the model to the different model parameters, a sensitivity 
analysis was done. One has to note that this analysis deals only with the model parameters and 
does not intend to represent the sensitivity of the model to the inputs. However it can be stated 
that the sensitivity of the model to the inputs errors is higher than the sensitivity of the model to 
the parameters. 
 
Due to the fact that the number of parameters used in the model is over 40 (depending on the 
number of dams or reservoirs), a proper sensitivity analysis would have taken years to do (over 
16 millions of billion of simulations to run). As a result, a strategy was established to run the 
analysis in a more realistic time frame. We considered that each parameter could vary 
independently of each other in a range 10% either side of its median value (considered to be the 
calibrated value of the parameter). 20 different sets of parameters were then generated randomly 
and run through the model. For each day of the simulation, the minimum and maximum of the 20 
model results was taken for flow and load, generating a total of 4 new time series. These were 
used to calculate median annual loads for the 2035-2049 period. 
 
Table 9 presents the median annual loads from the sensitivity analysis at the bottom of the three 
major catchments. The details per subcatchment are presented in Annex 1. The results indicate 
that the model is relatively sensitive to the estimation of the model parameters. One can note that 
the sensitivity is bigger for the minimum yield than for the maximum yield. This sensitivity is 
representative of the change of hydrological and water quality regime generated by the change of 
the parameter values. In the case of the maximum yield, this change is relatively small due to the 
fact that some hydrological and water quality processes are overcompensating each other (e.g. 
leaching of nutrient with the subsurface runoff). Figure 11 presents the water yield and Total 
Phosphorus load for the Murray catchment. 
 
Table 9: Annual Median yield and load for the average, the minimum and the maximum set of 
parameters  
 

 

Basin

Yield Load Yield Load Load Ratio Yield Load Load Ratio

(ML) (T) (ML) (T) (%) (ML) (T) (%)

Murray 1446713 19.2 1263574 13.5 -29.7 1544346 22.1 15.0

Harvey 363571 84.1 315223 69.9 -16.9 359851 82.9 -1.5

Serpentine 182194 87.8 163875 71.3 -18.8 182779 86.2 -1.8

Estuary 1992478 191.2 1742672 154.7 -12.5 2086977 191.2 0.1

Annual Median: 2035-2049 Annual minimum Median: 2035-2049 Annual maximum Median: 2035-2049
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Figure 11.  Water yield (a) and Total Phosphorus load (b) for the Murray catchment at Pinjarra 
Road for the period January 2039-December 2045 
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8 Scenarios 
 
The scenarios can be divided into six main categories: climate change, fertiliser management, 
soil remediation, point source management, land use change and combinations of all the 
categories. A list as well as a succinct explanation of each of the scenarios run is given below. 
 

8.1 Climate Change 
 
From a management point of view, predicting the consequences of climate change is critical to 
the success of any remediation efforts. The nature of climate change is highly complex and 
generating scenarios to test in the model can be very complicated.  This is because climate 
changes alter not only rainfall generation processes, but pan evaporation generation, 
atmospheric gas exchange and the biota (e.g. level of CO2 in the atmosphere and its 
consequences for vegetation density). Different climate change scenarios generated from 
different models exist and will be run through the DSS at a later stage. 
 
In order to estimate the possible consequences of climate change, two simple scenarios were 
run. According to CSIRO predictions (Gorgi et al., 2001), the rainfall in the southwest of Western 
Australia will change by somewhere between a 5% increase and a 25% decrease. These two 
probabilistic events constitute the starting points of our climate scenarios. The scenarios 
considered are the following:   

• A decrease of 40, 25 and 15% of the daily rainfall from the reference climate period 1990-
2004.  This is equivalent to a decrease of 40, 25 and 15% (respectively) of the annual 
rainfall. 

• An increase of 5, 20 and 40% of the daily rainfall from the reference climate period 1990-
2004. Likewise, this is equivalent to an increase of 5, 20 and 40% of the annual rainfall. 

 
The underlying assumption in these six scenarios is that the rainfall pattern does not change. This 
is a simplistic assumption and it is more likely that rainfall patterns (such as storm duration and 
intensity) will change also. 
 

8.2 Fertiliser Management:  
 
This category of scenarios deals with the quantity of fertiliser applied and/or the timing of the 
fertiliser application and/or the type of fertiliser used. The different sub-categories are:  

8.2.1 Scenarios focused on the quantity only 
These scenarios are focused mainly on the consequence of reducing the application rates for: 

• All fertiliser used on the catchment at different rates (25%, 50%, 75% and 95%). These 
reductions are not distinguishing between what is coming from feed, animal waste or 
human application. It represents more of a theoretical maximum input reduction. 

• Reduction of 20 to 50% of the quantity of agricultural fertiliser applied on the catchment. 
These scenarios do not concern urban land use. 
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8.2.2 Scenarios focused on the timing only 
These scenarios are focused on the timing of the application of the fertiliser and its consequences 
on mobilisation by runoff.  

• Fertiliser is applied every other year (one year on, one year off) 
• Fertiliser is applied for two years in a row, followed by no application in the third year. 
• Splitting the fertiliser application with the winter season: 30% at the break (April), 70% at 

the end of the season (September). 

8.2.3 Scenarios focused on the fertiliser type only 
These scenarios focus mainly on the consequences of changing the type of fertiliser used on the 
catchment. Two changes were considered: 

• Coastal Super Phosphate fertiliser instead of Super Phosphate fertiliser  
• Red Coated Coastal Super Phosphate instead of Super Phosphate. 

 
The use of Coastal Super Phosphate is characterised by a reduction of the solubility of the 
fertiliser, which is equivalent in modeling terms to splitting the application of the fertiliser over a 
longer period. After discussion with AgWA, it was assumed that the application of fertiliser would 
be modelled on two consecutive months instead of the usual once a month. 
 
The use of Red Coated Super Phosphate is characterised by a reduction of the solubility of the 
fertiliser, as well as an improved efficiency. The use of the red-coated fertiliser is modeled as the 
use of the coastal super phosphate fertiliser associated with a reduction of 30% of the quantity 
applied (AgWA, pers. comm.) 

8.2.4 Scenarios focused on the timing and quantity. 
Only one scenario focuses on a combination of improving the timing of fertiliser application and a 
reduction in overall use, and is modelled by changing the timing of the different fertiliser 
applications as well as the quantity applied on rural areas. This scenario does not modify the 
number of animals present on the catchment, it only changes the quantity of fertiliser applied and 
its timing. 
 

8.3 Soil Remediation 
 
Soil remediation scenarios focused on the consequences of improving the phosphorus retention 
capacity of the soil by incorporating Alcoa’s Alkaloam™ or “red mud”. This was modelled by 
increasing the PRI (Phosphorus Retention Index) depending on how much red mud is applied 
and the existing (unaltered) PRI. This was done by giving each subcatchment a target PRI of 10. 
If a subcatchment, on a particular year, had a PRI of less than 10 and if the maximum allowable 
level of solid amendment has not been reached (up to 20T/ha of Red mud), soil amendments are 
applied. This results in subcatchment PRI increase after application, and the value will then decay 
exponentially at 10% per year.  Initially, three different application rates were proposed (5T/ha, 
10T/ha and 20T/ha) but following discussion with the AgWA, only the 10T/ha rate was modelled.  
The model applied “red mud” to both rural and urban areas.  
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8.4 Point Source Management 
 
Point source management scenarios focused on the consequences of managing point sources 
and deal with either allowed export rates, such as licensed premises, or with the way the different 
premises operate. The modelled scenarios include: 

• Agricultural prescribed premises at a 50% reduction of the actual licensed export. 
• Agricultural prescribed premises at a 100% reduction of the actual licensed export.  
• Dairy Effluent management, where four different levels of management were considered 

for all the dairy sheds in the Peel Harvey Catchment. The four levels are: 
Level 1: Ponds, irrigation, effluent treatment systems, containment, fertiliser 

replacement. 
Level 2: Ponds, irrigation, containment, fertiliser replacement. 
Level 3: Irrigation and containment. 
Level 4: Ponds. 

• Septic tank management. Although the model treats the plume generated by a septic 
tank as a diffuse source, in reality a septic tank is a point source.  Therefore, 
management of septic tanks is still considered part of the “Point Source Management” 
type scenario. The scenario modelled assumes the replacement of all septic tanks with 
connection to infill sewerage. 

 

8.5 Land use change 
 
Land use change scenarios deal with different options where land-use change is used as a 
method to reduce loads. The different scenarios are:  

8.5.1 Replacing Annual pasture with Perennial pastures 
These scenarios focus on the consequences of replacing annual pastures with perennial pasture 
on all grazing land. This is modelled by changing the characteristics of the vegetation (mainly the 
Leaf Area Index), which is slightly increased. The modelling should encompass a change in terms 
of water use, but this has not been implemented yet. Three rates are modeled with either 20%, 
50% or 100% of the annual pasture being replaced by perennial pasture. 

8.5.2 Changing Dairies to Beef 
This scenario focused on the replacement of one intensive animal practice by a less “polluting” 
intensive animal practice. This is modelled by generating a new land use map corresponding to 
the desired land use change and by recalculating all the different catchment characteristics used 
by the model.  
 

8.6 Combinations 
 
This category of scenarios deals with any combination of the previous scenario categories. It tries 
to identify what BMPs to use and where these will be most effective. The different scenarios are:  

8.6.1 Annual pastures replaced by perennial and fertiliser rates 
reduced by 20% 

This scenario corresponds to an improvement of one of the land use change scenarios. The 
same procedure is followed, but this time the quantity of fertiliser applied on grazing land is 
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reduced by 20%. A new catchment fertiliser application rate is then calculated for the model. 
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9 Results 
 
Each scenario was run from 1970 to 2094 (inclusive), a period 135 years. The climate from 2005 
onwards was generated from 6 repetitions of the 1990-2004 climate sequence. This 15 year 
period included a high rainfall year (relatively) with corresponding high flows (1996), years with 
high summer rainfall followed by below average winter rainfall (1992 and 2000); and a year where 
a tropical cyclone hit the south west in autumn (1999). The general pattern was a succession of 
average rainfall years (except 1996) followed by below average rainfall years between 1997 and 
2004.  
 
A “reference” scenario was developed to compare the results of the other scenarios. The 
reference scenario assumed land use and fertiliser applications remained at 2003 levels. The flow 
and nutrient yield results are presented as ratios between the tested scenarios and the reference 
scenario. This is so the impact of the proposed scenarios can be easily compared. Also, the 
uncertainties in the modelling results are difficult to estimate and reporting the results in this 
manner avoids reporting absolute values. The annexes contain tables of flow, concentration and 
yield for each of the WQIP reporting catchment outlets.  
 

9.1 Climate Change 
 
Table 10 presents statistics estimated at the bottom of the three major catchments, the details per 
subcatchment being presented in Annex 2. The results indicate that the model is sensitive to the 
estimation of the rainfall and that changes in rainfall will result in significant change in term of 
nutrient loading. Several important results can be seen. Firstly, a 25% decrease of the annual 
rainfall is likely to decrease the total runoff to the estuary by 58%. This will lead to a decrease the 
load delivered to the estuary of 41%. Secondly, a 5% increase of the annual rainfall is likely to 
increase the load to the estuary by 10%. These first two results indicate the predominantly 
soluble nature of the TP load as well as the sensitivity of the system to rainfall. Thirdly, from a 
simple load “accounting” point of view, one could say that a decrease in rainfall brought about by 
climate change could result in the LRTs being met. Table 11 presents the reduction in daily 
rainfall that should occur to meet the LRT at the bottom of the three main catchments. However, a 
reduction of the annual rainfall will increase the median winter concentration if no management 
action is implemented on the catchments 
 
Table 10: Winter Median yield and load for the actual climate sequence, -25% annual rainfall and 
5% annual rainfall  

 
Table 11: Rainfall reduction to meet LRTs at the bottom of the three main catchments  
 

Basin

Yield Load Yield Load Load Ratio Yield Load Load Ratio

(ML) (T) (ML) (T) (%) (ML) (T) (%)

Murray 1090247 15.2 430710 7.1 -53.3 1175507 17.6 15.9

Harvey 300098 60.9 152832 42.4 -30.3 332423 64.6 6.2

Serpentine 161744 68.6 67540 36.3 -47.1 187077 76.2 11.2

Estuary 1552089 144.7 651082 85.8 -40.7 1695007 158.5 9.5

Winter Median: 2035-2049
-25% annual rainfall Winter Median: 

2035-2049

5% annual rainfall Winter Median: 

2035-2049

Basin

Daily rainfall 

reduction to meet 

LRT (%)

Murray 0

Harvey -35

Serpentine -34

Estuary -35
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9.1.1 Serpentine 
 
Table 12 presents the statistics estimated at the bottom of each Serpentine reporting catchment 
for the cases of a 40% decrease and a 40% increase in annual rainfall. 
 
Table 12: Load and concentration increase for a 40% decrease and 40% increase in annual 
rainfall.  

 
The analysis of table 5 indicates that a reduction of annual rainfall through climate change could 
result in a substantial decrease in nutrient export from Serpentine, However, the corresponding 
increase of concentration indicates that remedial action has to be taken on each of the reporting 
catchments. In the case of an increase of the annual rainfall, the concentration leaving each of 
these reporting catchments will slightly decrease (through dissolution) whereas the load will 
increase due to the increase in discharge. These two results outline the soluble character of the 
Phosphorus on the Serpentine catchment. 
  

9.1.2 Harvey 
 
Table 13 presents the statistics estimated at the bottom of each Harvey reporting catchment for 
the cases of a 40% decrease and a 40% increase in annual rainfall. 
 
Similar conclusions to those for the Serpentine reporting catchment can be drawn for the Harvey 
reporting catchments.  In some of the reporting catchments a decrease of the annual rainfall 
could result in a reduction of the load as well as the concentration. This is linked to the fact that in 
such climatic conditions, some of the wetlands will stop flowing. As a result, the concentration will 
decrease also. The reverse is true if the climate is getting wetter. The increase of the 
concentration is then associated with the mobilisation of the phosphorus when the wetlands 
overflow. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Reporting catchment 

name
Catch. outlet Load  ratio(%) Conc. Ratio(%) Load  ratio(%) Conc. Ratio(%)

Ungauged Serpentine 1 -64.4 102.4 93.8 -24.8

Mandurah 285 -21.7 28.6 18.5 -12.2

Peel Main Drain 16 -52.7 51.9 87.0 -19.5

Upper Serpentine 28 -55.0 32.1 134.4 -31.4

30 -65.9 138.3 129.6 -19.8

Dirk Brook 46 -78.8 90.4 97.6 -29.4

Nambellup 5 -60.2 39.5 61.3 -39.7

Gull Road 13 -16.0 22.4 12.8 -18.4

Decrease of annual rainfall by 40% Increase of annual rainfall by 40%
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Table 13: Load and concentration increase for a 40% decrease and 40% increase in annual 
rainfall.  
 

 

9.1.3 Murray 
 
Table 14 presents the statistics estimated at the bottom of each Murray reporting catchment for 
the cases of a 40% decrease and a 40% increase in annual rainfall. 
 
Table 14: Load and concentration increase for a 40% decrease and 40% increase of annual 
rainfall.  

 
 
 

Reporting catchment 

name
Catch. outlet Load  ratio(%) Conc. Ratio(%) Load  ratio(%) Conc. Ratio(%)

Lower Murray 79 -77.2 -24.0 26.3 -68.0

Dandalup 84 -80.4 12.0 24.0 -76.0

Upper Murray 109 -53.1 -5.9 -2.9 -64.7

112 -80.2 -33.3 11.2 -71.4

121 -90.6 -64.7 18.2 -70.6

Lower Murray 155 -50.0 103.9 -52.9 -80.8

156 -100.0 -100.0 -75.0 -86.7

157 -96.2 -81.8 -98.1 -100.0

Decrease of annual rainfall by 40% Increase of annual rainfall by 40%

Reporting catchment 

name
Catch. outlet Load  ratio(%) Conc. Ratio(%) Load  ratio(%) Conc. Ratio(%)

East Harvey Peel Drain 158 -61.5 0.0 130.4 28.0

159 -28.6 56.5 35.7 -19.4

160 -53.9 32.2 71.2 -9.4

161 -51.7 66.3 32.7 -20.3

164 -75.4 2.4 90.0 1.2

243 -24.4 125.1 22.5 -20.2

245 -88.4 100.0 121.6 -4.4

246 -16.4 151.3 -3.4 -31.4

279 -46.7 26.0 40.2 -13.8

280 -63.5 26.0 57.2 -13.0

Coastal West 272 -48.7 504.3 58.9 -35.2

273 -72.7 -17.6 28.2 -47.3

274 -53.3 23.8 75.6 -30.5

275 -35.9 299.0 41.0 -23.6

276 -16.9 440.6 34.0 -9.5

277 -20.0 151.4 15.1 -27.7

278 -18.5 85.9 9.6 -44.7

Coastal Central 281 -17.4 39.8 2.7 -35.3

282 -13.5 60.9 42.3 -12.5

283 -36.6 -2.4 13.3 -31.2

Harvey Drains 182 -100.0 -100.0 62.8 -45.9

183 -50.6 32.0 56.2 -8.9

190 -66.7 -17.8 111.7 38.7

192 -46.6 42.9 56.5 -13.2

203 -32.2 64.1 33.1 -13.9

208 -50.3 74.3 71.2 -17.1

220 -50.0 141.7 62.3 -22.7

Harvey Tributary-Carrati 233 -64.4 5.2 107.5 3.1

234 -43.3 64.7 48.3 -5.4

Harvey Tributary 231 -46.9 58.0 51.9 -2.7

167 -58.7 58.9 85.7 -2.5

Meredith 174 -67.5 44.9 681.3 81.8

Decrease of annual rainfall by 40% Increase of annual rainfall by 40%
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Even though the Murray catchment is actually meeting the WQIP targets, analysis of the effect of 
climate change on the reporting catchments indicates several results. A decrease in annual 
rainfall should reduce the load from the Murray to the estuary, due to a reduction of discharged. 
This result is similar to the one observed for the remaining two main catchments. However, the 
concentration in the Dandalup reporting catchment will increase. This is thought to be linked with 
less flushing from the Dandalup Dam, resulting in less dissolution in stream. In the lower Murray 
catchment, an increase in annual rainfall could lead to a decrease in both concentration and load 
at the outlet. 
 

9.2 Point Source management 
 
Three point source management scenarios were tested:  

• All licensed agricultural premises have their licensed export rate set to zero. 
• All residences that can be connected to infill sewerage are. 
• A combination of the two previous scenarios      

    
Table 15 presents the load reductions observed at the outlet of the three main catchments for 
each of the scenarios. The results are expressed in terms of total load and percentage reduction 
from the reference scenario. Several conclusions can be drawn from the analysis of Table 9. 
Firstly, it can be seen that further restrictions on the different agricultural licensed premises will 
produce only a small load reduction of the total load exported to the estuary. This indicates that 
the loading to the estuary is a diffuse source load rather than a point source load. Secondly, the 
connection to the infill sewerage should bring a reduction of 22% of the total loading to the 
estuary. This result demonstrates the importance of subsurface nutrient discharge to the estuary. 
Thirdly, the combination of the two scenarios should reduce the total loading by 23%. Finally and 
most importantly, none of the three scenarios is able to reduce load and concentrations enough 
to meet the LRT and the concentration target at the bottom of the Serpentine and Harvey 
catchments. 
 
Table 15: Load reductions at the outlet of the three main catchments for the point source 
management scenarios 

 
 

9.2.1 Harvey Catchment 
 
The results of the Harvey Catchment shown in table 15 have a number of consequences. Firstly, 
reducing the licensed export rate on agricultural premises will not result in any subcatchments 
meeting the required LRT and WQT.  Secondly, connection to infill sewerage is only sufficient for 
one subcatchment (ID 208) to meet the required LRT and WQT.  Thirdly, the combined effect of 
these two actions is enough for two subcatchments (ID 190 and 208) to meet the required LRTs 
and WQTs. 
 
 

Basin  Load (T)  LRT (%)  Load (T)
 Load Diff. 

(%)
 Load (T)

 Load Diff. 

(%)
 Load (T)

 Load Diff. 

(%)

Murray 15.2 0.0 15.2 0.0 12.7 -27.4 12.7 -27.4

Harvey 60.9 -41.7 47.7 -1.2 47.7 -13.6 46.6 -23.4

Serpentine 68.6 -59.9 59.6 -1.3 59.6 -21.7 57.2 -21.7

Estuary 144.7 -46.0 141.8 -1.4 120.0 -21.6 117.0 -23.1

No Point Source & Infill 

Sewerage Connection

Infill Sewerage 

Connection
No Point SourceCurrent
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It is interesting to note that the implementation of the proposed point source BMPs will be enough 
to meet half of the desired LRTs and WQTs for 14 of the subcatchments.  There is potential to 
combine these point source BMPs with other BMPs to meet the LRTs and WQTs in these 
subcatchments. 

9.2.2 Serpentine Catchment 
 
Analysis of the scenario results for the Serpentine catchments indicates that no subcatchment will 
meet the required LRT and WQT by implementing any of the proposed BMPs. However, 
connection to the infill sewerage of all the required properties should be sufficient to go halfway 
towards meeting the LRTs and WQTs for a third of the reporting subcatchments (ID 285 and 30). 
At the same time, reducing the licensed export from the licensed agricultural premises on gull 
Road (ID 13) would account for half of the required load and concentration reductions in that 
catchment.  
 

9.3 Scenarios Applied to All Landuse Types 
 
This suite of scenarios is applied across the entire catchment, to all land use types at the same 
time. They are aimed at establishing a rough estimate the response of the catchment to the 
various BMPs and which BMPs are effective in which catchments. The results of the scenarios 
are presented in Annex 3. The scenario suite consists of:  

• Soil Remediation with Alcoa’s Alkaloam™ and the connection of all residences (where 
possible) to infill sewerage. 

• Soil Remediation with Alcoa’s Alkaloam™, the connection of all residences (where 
possible) to infill sewerage and no export from licensed agricultural premises. 

• Fertiliser application rates reduced by 25% and 50% and the connection of all residences 
(where possible) to infill sewerage. 

• Fertiliser application rates reduced by 25%, Soil remediation with Alcoa’s Alkaloam™ and 
no export from licensed agricultural premises. 

• Fertiliser application rates reduced by 25% the connection of all residences (where 
possible) to infill sewerage and no export from licensed agricultural premises. 

• Fertiliser application rates reduced by 50%, 75% and 95%, Soil remediation with Alcoa’s 
Alkaloam™, no export from licensed agricultural premises and the connection of all 
residences (where possible) to infill sewerage. 

 
Table 16 presents the load reductions observed at the outlet of the three main catchments for the 
scenarios not dealing with fertiliser management (1 and 2). Table 17 presents the load reductions 
observed at the outlet of the three main catchments for scenarios 3, 4 and 5. Table 18 presents 
the load reductions observed at the outlet of the three main catchments for the scenarios dealing 
with fertiliser management (6). The results are expressed in term of absolute load and a 
percentage reduction from the reference scenario.  
 
Several results can be drawn from the analysis of table 16. Firstly, whether or not export from 
licensed agricultural premises is set to zero has almost no impact on the loads at the bottom of 
each main catchment. Secondly, 76% of the required LRTs to the estuary can be achieved if soil 
improvement and infill sewerage connection is implemented on the Coastal catchments across all 
land use types. This result is important as it demonstrates the potential impact of the urban areas 
on the load being delivered to the estuary. Thirdly, none of the proposed scenarios is able to 
produce a load and concentration reduction sufficient enough to meet the LRT and the 
concentration target at the bottom of each of the main catchment. 
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Table 16: Load reductions at the outlet of the three main catchments for scenarios not dealing 
with fertiliser management. 

 
Table 17: Load reductions at the outlet of the three main catchments for scenarios not dealing 
with fertiliser management. 

 
Several results can be drawn from the analysis of table 17. 
  
Firstly, for scenario 3, a 50% reduction in fertiliser application will only reduce load to the estuary 
by 8 tonnes more than a 25% reduction.  This result seems to indicate that most of the gains in 
terms of load reduction come from the initial 25% reduction in fertiliser application. Secondly, it 
can be noted that an increase of the fertiliser reduction from 25% to 50% will not have the same 
consequences on the Harvey as on the Serpentine catchment. This result tends to indicate 
greater over-fertilisation on the Serpentine than on the Harvey. Thirdly, even further restriction on 
the different agricultural licensed premises will produce only a small load reduction of the total 
load exported to the estuary (4T). This confirms that the loading to the estuary is a diffuse source 
loading and not a point source loading.  
 
Another important result is that scenario 4 (with a 50% reduction in fertiliser use) produces a load 
reduction similar to that of scenario 2 (infill sewerage, zero export licenses and soil remediation). 
This demonstrates that several scenarios can produce the same LRTs outcomes and it reinforces 
the need to develop management scenarios unique to each catchment.  
 
The combination of managing licensed agricultural premises, soil remediation and reduction of P 
fertiliser means the LRTs and WQTs are met for 89% of the catchments. This indicates that 
simple measures, already available can produce substantial load reductions when associated 
with minimal P fertiliser application. 
 
Several results can be drawn from the analysis of table 18. Firstly, applying scenario 6 with a 
50% reduction in fertiliser application (combined with infill sewerage, zero export licenses and soil 
remediation) could lead to the Harvey and Serpentine catchment meeting their load reduction 
targets. However, meeting the required LRTs does not imply that the WQT has been met. 
Secondly, even in the case of close to complete removal of P fertiliser on the catchment, 
(scenario 6 with 95% fertiliser reduction) the loads exported to the estuary will be minimal but the 
water quality concentration will not be met at the catchment outlets. This indicates that there is a 
significant presence of residual Phosphorus (from Fertiliser applied in previous years) being 

Basin  Load (T)  LRT (%)  Load (T)  Load Diff. (%)  Load (T)  Load Diff. (%)

Murray 15.2 0.0 15.2 0.0 15.2 0.0

Harvey 60.9 -41.7 42.4 -30.3 46.6 -32.6

Serpentine 68.6 -59.9 39.9 -42.0 57.2 -44.7

Estuary 144.7 -46.0 97.5 -32.7 94.2 -34.9

Current
Soil Remediation & Infill 

sewerage connection

Soil Remediation & Infill sewerage 

connection & agricultural license 

management

Basin  Load (T)  LRT (%)  Load (T)
 Load Diff. 

(%)
 Load (T)

Load Diff. 

(%)
 Load (T)

Load Diff. 

(%)
 Load (T)

 Load Diff. 

(%)

Murray 15.2 0.0 15.2 0.0 15.2 0.0 15.2 0.0 15.2 0.0

Harvey 60.9 -41.7 41.3 -32.1 39.9 -34.4 37.5 -38.4 37.4 -38.6

Serpentine 68.6 -59.9 47.6 -30.7 45.6 -33.5 39.6 -42.4 39.9 -51.8

Estuary 144.7 -46.0 104.1 -28.1 100.9 -30.3 92.3 -36.2 85.8 -40.8

Agricultural Licence 

Management
Infill sewerage connection

P fert –50%
P fert –25% &  soil 

remediation
Current P fert –25%

P fert –25% & 

agricultural 

management



34 

stored in the soil and transported to the stream in later years. This can be explained by examining 
the overall catchment Phosphorus budget.  Approximately 2000T of P is applied to the catchment 
(Lavell et al., 2004) either as fertiliser or feed and only 144T reaches the catchment outlets 
(Zammit et al., 2004). Any of the remainder, which is not taken out of the catchment as produce, 
would be stored in the soil.  
 
Table 18. Load reductions at the outlet of the three main catchments for scenarios dealing with 
fertiliser management. 

  
Agricultural license management & Infill sewerage connection % Soil 

Remediation 

 Current 
 

50% Reduction of P 
fertiliser 

75% Reduction of P 
fertiliser 

95 % Reduction of P 
fertiliser 

Basin Load (T) LRT (%) Load (T) Load Diff. 
(%) Load (T) Load Diff. 

(%) Load (T) Load Diff. 
(%) 

Murray 15.2 0.0 15.2 0.0 15.2 0.0 15.2 0.0 

Harvey 60.9 -41.7 33.19 -45.5 28.9 -52.9 25.3 -58.5 

Serpentine 68.7 -59.9 27.6 -59.8 23.4 -65.9 18.9 -72.5 

Estuary 144.7 -46.0 76.0 -47.5 67.3 -53.49 59.3 -59.0 

 

9.3.1 Harvey Catchment 
 
Analysis of the scenarios summarised in table 16 indicates several results. Firstly, the results 
shown in table 15 have several explanations. In scenario 2, (Soil Amendment, zero export 
licenses and infill sewerage), 11 of the 32 subcatchments will meet the LRT and WQT.  Secondly, 
without soil amendment, the WQTs will not be met. Finally, some of the subcatchments (7 of the 
32) do not achieve half of the required reduction (required to meet the LRT and WQT) in scenario 
1. This is thought to be because of the influence of dams and wetlands on the hydrological 
regime, or the high proportion of urbanised land use. 
 
Analysis of the scenarios summarized in table 17 shows several results. Firstly, 5 subcatchments 
will meet the LRT and WQT under scenario 4 (soil remediation, zero export licenses and 25% 
fertiliser reduction). 13 subcatchments achieve at least 50% of the required reduction.  Secondly, 
a 50% reduction in P fertiliser use will allow only one subcatchment to meet the required LRT and 
WQT. Under this scenario, 15 subcatchments achieve at least half the required reduction.  This 
result indicates that half of the required WQTs and LRTs can be generated by the combination of 
two different scenarios for half of the reporting Harvey catchments. Thirdly, the implementation of 
soil amendment techniques on urban and agricultural land use combined with a reduction of 25% 
of the P fertiliser applied on each reporting catchment allows 8 subcatchments to meet the 
required WQTs and LRTs.  The soil amendment techniques associated with reduction of P 
fertiliser is producing positive results for 3 urbanised catchments. This result underlines the 
importance of using soil remediation technique in urban catchments by retrofitting urban areas or 
making this a requirement for new developments. 
 
Analysis of the scenarios summarised in table 18 shows several results. Firstly, 18 reporting 
subcatchments will meet the required LRT and WQT under scenario 4 (with a 50% fertiliser 
reduction). This number increases to 20 if the fertiliser application is reduced by 75%. This result 
confirms the over-fertilisation problem for most of the reporting catchments. In this case, 24 
subcatchments (86%) reduce loads by half the required amount.  The remaining subcatchments 
are either urban areas or contain a number of small wetlands. 
 
In summary, this analysis demonstrates that a combination of several scenarios can be used to 
meet the required LRT and WQT for most of the reporting Harvey catchments. It is interesting to 
note that some catchments meet the LRT but not the WQT. This seems to indicate that meeting 
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the WQT and LRTs for some of the reporting catchments will be possible only by drastic land use 
change.  
 

9.3.2 Serpentine Catchment 
 
Analysis of the scenarios summarised in table 16 for the Serpentine catchment indicates several 
results. Firstly, no subcatchments will meet the required LRT and WQT by scenario 2 (no 
licensed export, infill sewerage and soil remediation). Secondly, all but one of the 7 
subcatchments are reducing the load by at least half the amount required to meet the LRT and 
WQT. This is thought to be associated with the land use in this reporting catchment, which is 
concentrating all the turf farms on the Peel Harvey.  
 
Analysis of the scenarios summarised in table 17 show several results. Firstly, no subcatchments 
will meet the required LRT and WQT for any scenario where P fertilisation is only reduced by 
25%.  This seems to indicate an over fertilisation problem in the Serpentine catchment. However, 
for 50% subcatchments are reducing the load by at least half the amount required to meet the 
LRT and WQT, when combined with point source management. The fact that the point source 
management has such an impact in the Serpentine suggests that point sources and diffuse 
sources are at similar levels under the 25% fertiliser reduction scenarios. Secondly, further 
reduction of the quantity of P fertiliser applied on each of the subcatchments does not increase 
the number of that meeting their required LRT and WQTs. Thirdly, only one subcatchment meets 
the required LRT and WQTs when soil remediation techniques on agricultural land is combined 
with a fertiliser reduction of 25%. 5 subcatchments are reducing the load by at least half the 
amount required to meet the LRT and WQT. This result outlines the importance of using soil 
remediation in urban and agricultural situations as well as the tendency to over-fertilise in the 
Serpentine catchment. 
 
Analysis of the scenario summarised in table 18 indicates that 50% of the reporting 
subcatchments will meet the required LRT and WQT under scenario 4. 5 subcatchments meet 
the targets if scenario 4 uses a 75% fertiliser reduction (rather than 25%). Under this scenario, all 
subcatchments are reducing the load by at least half the amount required to meet the LRT and 
WQT.  
 
In summary, this analysis demonstrates that, unlike the Harvey, one scenario can make a 
substantial difference to the Serpentine Catchment and only half the required reductions are 
made.  This scenario involves a 75% reduction of fertiliser inputs, the use of soil remediation 
techniques and the removal of point sources. It is interesting to note that as with the Harvey, 
some catchments meet the LRT but not the WQT. Again, this seems to indicate that meeting the 
WQT and LRTs for some of the reporting catchments will be possible only by drastic land use 
change.  
 

9.4 Scenarios Applied only on Agricultural Land 
 
These scenarios are applied only on agricultural areas, which accounts for most of the land area 
on the catchment. They are aimed to give an estimation of possible loads and water quality 
reduction in the Harvey and Serpentine catchments. The results of the scenarios are presented in 
Annex 4. The suite of scenarios consists of:  

• No fertiliser application every two years and fertiliser applied two years out of every three.  
• Fertiliser application split 30% at the start of the season and 70% at the end of the 

season.  
• Annual Pasture converted to perennial pasture for 20%, 50% and 100% of areas.  
• Fertiliser application rates reduced by 25% and 50%. 
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• Emissions from licensed agricultural premises set at 0.5 kg/ha/yr and 0 kg/ha/yr. 
• Replacing super phosphate fertiliser with Coastal super phosphate. 
• Replacing super phosphate fertiliser with RedCoat (Red Mud coated coastal super 

phosphate). 
• Dairy effluent management 
• Reforestation of agricultural land at rates of 10, 20, 30, 40 50 and 75%. 

 
The results from these scenarios are presented in tables 19 to 25, which show the loads, LRTs, 
load reductions (%) at the outlets of each of the main subcatchments. The results are expressed 
in terms of total load and percentage reduction when compared with the reference scenario. The 
scenarios shown in each table are: 
 

Table 19: Fertiliser Management Scenarios (1 & 2) 
Table 20: Annual to Perennial Pasture Scenarios (3) 
Table 21: Scenarios reducing fertiliser use in Agricultural Areas (4) 
Table 22: Scenarios reducing emissions from licensed agricultural premises (5) 
Table 23: Scenarios dealing with different fertiliser types (6 & 7) 
Table 24: Dairy Effluent Management Scenarios (8)  
Table 25: Reforestation Scenarios (9) 

 
Table 19. Load reductions at the outlet of the three main catchments for scenarios dealing with 
fertiliser management. 

 
Several results can be drawn from the analysis of table 19. Firstly, scenario 2 makes almost no 
difference to the total load delivered to the estuary and changes little from the reference scenario.  
Secondly, the application of fertiliser every two years seems to achieve biggest load reduction 
rather than applying two years out of each three.  As previously stated, this result indicates the 
soluble character of P on the catchment as well as P over fertilisation, which tends to occur much 
more on the Serpentine catchment than the Harvey. Thirdly, the application of fertiliser on the 
agricultural area every second year shows that the reduction is at least half that required to meet 
the LRT.   
 
The comparison between the scenario where agricultural fertilisation is applied every second year 
with the one where it is applied every third year shows that the Serpentine and Harvey 
catchments behave in a very similar manner. It can be seen that on both catchments the same 
load reduction (total amount, not percentage) is obtained for both the once in two years and once 
in 3 years application scenarios. This result seems to indicate that the main source of 
Phosphorous is not agricultural fertiliser, but animal waste and urban fertiliser.  
 
 
 
Table 20: Load reductions at the outlet of the three main catchments for scenarios not dealing 
with annual pasture management. 

Basin  Load (T)  LRT (%)  Load (T)
 Load Diff. 

(%)
 Load (T)

 Load Diff. 

(%)
 Load (T)  Load Diff. (%)

Murray 15.2 0.0 15.2 0.0 15.2 0.0 15.2 0.0

Harvey 60.9 -41.7 51.7 -15.1 54.1 -11.1 59.6 -2.1

Serpentine 68.6 -59.9 51.7 -24.6 54.7 -20.4 69.6 1.4

Estuary 144.7 -46.0 118.6 -26.1 124.0 -14.3 144.4 -0.2

Current
No fertiliser every two 

years

No fertiliser every 

three years

Split fertiliser application. 

30% start of season, 70% 

at the end
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Several results can be drawn from the analysis of table 20. Firstly, the different uptake rates of 
perennial pasture do not seem to control the total loading to the estuary. This result is quite 
surprising as pasture land use covers a huge area on the coastal catchment. A detailed analysis 
indicates that this is linked to the way the model characterizes vegetation. A model refinement 
might be necessary to overcome this issue. Secondly, the Harvey and Serpentine catchments 
behave in a different way. On the Serpentine catchment, one can see that the replacement of 
annual pasture by perennial pasture produces a reduction of the total load, whereas it produces 
an increase of the total load in the Harvey catchment. 
 
Table 21: Load reductions at the outlet of the three main catchments for scenarios dealing with 
agricultural fertiliser management. 

 
Several results can be drawn from the analysis of table 21. Firstly, it can be seen that a reduction 
of 50% of the P agricultural fertiliser applied on the catchment could lead to some load reduction 
from Harvey and Serpentine catchments. Secondly, the Harvey and Serpentine catchments do 
not behave in the same manner. The reduction of P agricultural fertiliser in Serpentine catchment 
seems to produce more load reduction that for the Harvey catchment. Comparison with scenarios 
based on replacement of annual pasture by perennial pasture indicates that one of the sources of 
phosphorus fertiliser on the Serpentine catchment is agricultural fertiliser but not fertiliser applied 
on pasture. 
 
Table 22: Load reductions at the outlet of the three main catchments for scenarios dealing with 

agricultural load premises. 
 
 
 
The results from table 22 are similar to those obtained when running point source management 
for the whole catchment.  This is consistent with the fact that most point sources are agricultural 

Basin  Load (T)  LRT (%)  Load (T)
 Load Diff. 

(%)
 Load (T)

Load Diff. 

(%)

Murray 15.2 0.0 15.2 0.0 15.2 0.0

Harvey 60.9 -41.7 55.2 -9.2 50.7 -16.7

Serpentine 68.6 -59.9 66.6 -9.2 48.9 -28.7

Estuary 144.7 -46.0 137.0 -5.3 114.8 -20.7

Current
Reduction of P 

fertiliser by 20%

Reduction of P 

fertiliser by 50%

Basin  Load (T)  LRT (%)  Load (T)
 Load Diff. 

(%)
 Load (T)

Load Diff. 

(%)

Murray 15.2 0.0 15.2 0.0 15.2 0.0

Harvey 60.9 -41.7 60.4 -0.7 59.8 -1.8

Serpentine 68.6 -59.9 67.8 -1.3 66.8 -2.7

Estuary 144.7 -46.0 143.4 -0.9 141.8 -2.0

Current Half of discharge No discharge

Basin  Load (T)  LRT (%)  Load (T)
 Load Diff. 

(%)
 Load (T)

Load Diff. 

(%)
 Load (T)

Load Diff. 

(%)

Murray 15.2 0.0 15.2 0.0 15.2 0.0 15.2 0.0

Harvey 60.9 -41.7 61.3 0.8 61.3 0.7 67.5 0.4

Serpentine 68.6 -59.9 68.0 -1.0 67.5 -1.7 66.6 -2.1

Estuary 144.7 -46.0 144.5 -0.2 144.0 -0.5 143.0 -0.8

Annual Pasture replaced by Perennial pasture
Current

20% 50% 100%
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point sources. 
 
Table 23: Load reductions at the outlet of the three main catchments for scenarios dealing with 
fertiliser type change. 

 
Several results can be deduced from analysis of table 23. Firstly, one can see that changing the 
type of fertiliser (soluble to slow release) on agricultural areas will reduce the load delivered to the 
estuary by 13%. Secondly, the replacement of super phosphate by coastal super phosphate 
tends to reduce the load by a similar amount for the Serpentine and Harvey catchments. This is 
not the case for the replacement of coastal by RedCoat. On the Serpentine catchment, the 
reduction is double that of the Harvey catchment. Thirdly, the replacement of super phosphate by 
coastal super phosphate produces a load reduction, but a bit lower than expected. This result 
depends on the way the scenario has been implemented in the model. 
 
Table 24: Load reductions at the outlet of the three main catchments for scenarios not dealing 
with annual pasture management. 
 

                                                                                                                                                     
Several results can be drawn form the analysis of table 24. Firstly, implementation of the highest 
level of effluent management on all dairies in the Harvey and Serpentine catchment could 
potentially reduce the total load delivered to the estuary by 10 T (7%). Secondly, different levels 
of effluent treatment seem to be required on the Harvey and Serpentine catchments to achieve 
maximum reduction. On the Harvey catchment, level 4 effluent treatment (ponds) seems to be 
enough to reach acceptable load reductions whereas level 3 effluent treatment (irrigation and 
containment) seems to be sufficient for the Serpentine.    
 
Table 25a: Load reductions at the outlet of the three main catchments for scenarios not dealing 
with annual pasture management. 

 
Table 25b: Load reductions at the outlet of the three main catchments for scenarios not dealing 
with annual pasture management. 

Basin  Load (T)  LRT (%)  Load (T)
 Load Diff. 

(%)
 Load (T)

Load Diff. 

(%)

Murray 15.2 0.0 15.2 0.0 15.2 0.0

Harvey 60.9 -41.7 59.0 -3.0 54.6 -10.3

Serpentine 68.6 -59.9 65.6 -4.4 56.2 -18.1

Estuary 144.7 -46.0 139.9 -3.4 126.0 -12.9

Current
Coastal Super 

Phosphate

Red mud super 

phosphate

Basin  Load (T)  LRT (%)  Load (T)
 Load 

Diff. (%)
 Load (T)

 Load 

Diff. (%)
 Load (T)

 Load 

Diff. (%)
 Load (T)

 Load 

Diff. (%)

Murray 15.2 0.0 15.2 0.0 15.2 0.0 15.2 0.0 15.2 0.0

Harvey 60.9 -41.7 57.7 -5.2 57.5 -5.5 57.3 -5.9 57.0 -6.3

Serpentine 68.6 -59.9 68.0 -1.0 63.3 -7.9 63.1 -8.1 63.0 -8.2

Estuary 144.7 -46.0 140.9 -2.7 136.0 -6.0 135.6 -6.3 135.3 -6.5

Level 1

Dairies Effluent Management
Current

Level 4 Level 3 Level 2

Basin  Load (T)
 LRT 

(%)
 Load (T)

 Load 

Diff. (%)
 Load (T)

 Load 

Diff. (%)
 Load (T)

 Load 

Diff. (%)
 Load (T)

 Load 

Diff. (%)

Murray 15.2 0.0 15.2 0.0 15.2 0.0 15.2 0.0 15.2 0.0

Harvey 60.9 -41.7 42.5 -30.1 37.9 -37.8 33.0 -45.8 29.8 -51.0

Serpentine 68.6 -59.9 51.0 -25.7 42.8 -37.6 31.7 -53.4 26.7 -61.1

Estuary 144.7 -46.0 108.7 -18.6 96.0 -33.7 80.1 -44.6 71.7 -50.4

Current
Re-Afforestation Effluent Management

10% 20% 30% 40%
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Several results can be drawn from the analysis of table 25 (a & b). Firstly, a 30% reforestation of 
agricultural land on Serpentine and Harvey catchments is enough to meet the required LRTs at 
the bottom of each main catchment. It is interesting to note that the load achieved when doing so 
is close to the load to the estuary targeted by the EPP. Secondly, small areas of reforestation 
give proportionally greater reduction than larger areas. As a result a small, well-targeted 
reforestation program has the potential to improve the health of the estuary.  
                                      

9.4.1 Harvey Catchment 
 
Analysis of the Fertiliser Management Scenarios (summarised in table 19) indicates several 
results. No subcatchments will meet the required LRT and WQT by splitting the agricultural 
fertiliser application or by imposing no fertiliser every second or third year. 2 subcatchments meet 
the required LRT and WQT for the split of the fertiliser application, 8 for imposing a fertiliser ban 
every third year and 11 for imposing a fertiliser ban every second year and only half of the 
required reduction is made. It is interesting to note that the catchments not meeting half of the 
required LRTs and WQTs are the Harvey catchments located along the estuary. 
 
Analysis of the Annual to Perennial Pasture scenarios summarised in table 20 indicate several 
results. No subcatchments will meet the required LRT and WQT for these scenarios even with an 
uptake rate of 100%. Two catchments reduce the loads by half the required amount under the 
100% uptake case. This result does not mean that conversion from annual pasture to perennial 
pasture will not produce any improvement, as individual reporting catchments are experiencing 
load reductions and water quality improvement (e.g. conversion of annual pasture to perennial 
with uptake of 100% on reporting catchment 233 will decrease the load by 65kg and reduce the 
median winter concentration by 0.134 mg/l). However, the analysis tends to indicate that the 
reductions are not important enough to be considered as a priority management action. On the 
other hand, it could indicate that the model needs to be updated to more accurately depict this 
scenario. 
  
Analysis of the Fertiliser Reduction scenarios summarised in table 21 indicates several results. 
No subcatchment will meet the required LRT and WQT by reducing agricultural fertiliser rates by 
20 or 50%. 6 catchments reduce loads by at least half the required amount in the 20% fertiliser 
reduction scenario and 11 catchments do this for the 50% scenario. The remaining 21 
catchments are located along the estuary.   
 
Analysis of the Emission control scenarios summarised in table 22 indicates several results. No 
subcatchments will meet the required LRT and WQT by reducing the license attached to 
agricultural point source to 0.5 kg/ha/yr or cutting these emissions out altogether. 3 catchments 
reduce loads by at least half the required amount in the 0.5 kg/ha/yr scenario and 6 catchments 
do this when emissions are cut out altogether. This result indicates that for three reporting 
catchments (ID 160, 208 and 231), a change of the license associated to the agricultural 
enterprise could lead to load reductions and water quality improvements at the catchment outlet.  
A bigger benefit will be obtained by allowing no export form agricultural premises for three more 
reporting catchments (159, 280 and 174). 

Basin  Load (T)
 LRT 

(%)
 Load (T)

 Load 

Diff. (%)
 Load (T)

 Load 

Diff. (%)

Murray 15.2 0.0 15.2 0.0 15.2 0.0

Harvey 60.9 -41.7 27.3 -55.2 22.2 -63.6

Serpentine 68.6 -59.9 22.8 -66.8 16.8 -75.5

Estuary 144.7 -46.0 65.3 -54.9 54.2 -62.6

Current
50% 75%

Re-Afforestation Effluent Management
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Analysis of the Fertiliser Type scenarios summarised in table 23 indicates several results. No 
subcatchments will meet the required LRT and WQT by changing to coastal super phosphate or 
RedCoat on agricultural. 3 catchments reduce loads by at least half the required amount when 
using coastal super phosphate and 6 catchments do this when using RedCoat. Again, the 
remaining 21 catchments are located along the estuary. 
 
Analysis of the scenarios dealing with dairies effluent management shown in table 24 indicates 
that no subcatchment will meet the required LRT and WQT by implementation of the different 
effluent management on dairies. If the conditions was that only half the required reduction needed 
to be made, 4 catchments would satisfy this criteria for treatment of levels 2 to 4 while if the level 
is upgraded to 1, 6 catchments would meet the (new) criteria.  
 
Analysis of the scenarios dealing with reforestation indicates several results. Three 
subcatchments will meet the required LRT and WQT if at least 10% of reforestation is 
implemented on the draining catchments. This increases to 4 subcatchments if the level of 
reforestation is over 30%. If the conditions was that only half the required reduction needed to be 
made, 8 subcatchments would meet the (new) targets for the 10% of reforestation to and 10 
would for the 75% case. This result indicates that a small well-targeted reforestation program 
could potentially improve the health of the estuary. The catchments where reforestation does not 
seem to bring a reduction of the LRTs and WQTs are along the estuary. Further analysis shows 
that for these catchments LRTs are met by reduction of the discharge (due to higher loss by 
evapotranspiration), rather than cleaning of the soil storage. 
 
It is interesting to note that the implementation of the proposed BMPs on the Harvey catchment 
will be enough to meet half of the required LRTs and WQTs for a certain number of 
subcatchments. This result indicates that these BMPs can be used on these subcatchments as 
part of a range of BMPs that could be used to reduced loads and water quality concentrations. 
 

9.4.2 Serpentine Catchment 
 
Analysis of the Fertiliser Management scenarios summarised in table 19 that no subcatchments 
will meet the required LRT and WQT regardless of how fertiliser restrictions are applied. If the 
conditions were that only half the required reduction needed to be made, one catchment would 
meet the (new) criteria if fertiliser use was banned every third year or every second year.  This 
shows that the sole catchment where a significant effect is seen (Upper Serpentine catchment - 
ID 30), experiences over fertilisation and that significant load reductions could be made under this 
scenario. 
  
Analysis of the scenarios examining conversion of annual to perennial pasture, summarised in 
table 20, indicates several results. No subcatchments will meet the required LRT and WQT in 
these scenarios, even with an uptake rate of 100%. This is also the case if only half the required 
reduction needed to be made. This does not mean that conversion from annual pasture to 
perennial pasture is not beneficial to some reporting catchments.  For example, with an uptake of 
100%, loads from the lower Serpentine reduce by 2T and the median winter concentration falls by 
0.005 mg/L. However, the analysis tends to indicate that the benefit is not significant enough for 
this to be considered as a high priority management action. 
 
Analysis of the Fertiliser Reduction scenarios summarised in table 21 indicates several results. 
No subcatchments will meet the required LRT and WQT in these scenarios for either the 20% or 
50% usage reductions. If only half the required reduction needed to be made, the Upper 
Serpentine subcatchment (ID 30) would meet the (new) targets for both the 20% and 50% 
reduction cases. These results are similar to those obtained with the fertiliser management 
scenarios. 
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Analysis of the Emission Control scenarios summarised in table 22 indicates several results. No 
subcatchments will meet the required LRT and WQT in these scenarios regardless of whether the 
emissions are halved or stopped completely.  If only half the required reduction needed to be 
made, the Gull road subcatchment (ID 13) would meet the (new) targets if the emissions are 
topped altogether. These results are similar to the one obtained in section 5.3. 
 
Analysis of the fertiliser type scenarios summarised in table 23 indicates several results. No 
subcatchments will meet the required LRT and WQT in these scenarios regardless of which type 
of fertiliser is used. When RedCoat is used on the Upper Serpentine catchment (ID 30), at least 
half the required reduction is made. These results are similar to the one obtained with the 
different period ban of fertiliser scenarios. 
 
Analysis of the Dairy Effluent Management scenarios summarised in table 24 indicates that no 
subcatchments will meet the required LRT and WQT regardless of the level of effluent 
management.  If only half the required reduction needed to be made, the Upper Serpentine (ID 
30) would meet the (new) target if any of levels 1 to 3 are implemented.  
 
Analysis of the reforestation scenarios summarised in table 25 indicates several results. No 
subcatchments will meet the required LRT and WQT even if 75% of the catchment is forested. If 
only half the required reduction needed to be made, the Upper Serpentine (ID 30) would meet the 
(new) target if 10% of the agricultural area was forested and 4 catchments would meet the (new) 
target if 75% of the agricultural area is forested.  This result indicates that a small well-targeted 
reforestation program could potentially improve the health of the Upper Serpentine. Several 
catchments are meeting their load reduction target but not are close to meet the water quality 
target. As a result, reforestation scenario cannot be ruled out as it could partially help meeting the 
different targets. 
 

9.5 Scenario Combination 
 
This scenario is applied only on agricultural areas, which covers most of catchment. It aims to 
show the effect of combining two previous scenarios. The results of the scenarios are presented 
in Annex 5. In the combined scenario, fertiliser application rates are reduced by 20%. This is also 
split over the year, with 30% being applied before the start of the season 70% at the end of the 
season.  The impact of this scenario on the loads at the outlet of the main catchments is 
presented in table 26.  
 
Table 26: Load reductions at the outlet of the three main catchments for agricultural fertiliser 
rates are reduced by 20% associated to split of the agricultural fertiliser application 
 

 
 
Several results can be drawn from the analysis of table 26. Firstly, application of the scenario 
produces almost no change in the Serpentine catchment. Secondly, the LRT is met on the 

Basin  Load (T)  LRT (%)  Load (T)
 Load Diff. 

(%)

Load to 

meet LRT 

(%)

Murray 15.2 0.0 15.2 0.0 0.0

Harvey 60.9 -41.7 47.8 -21.5 -25.8

Serpentine 68.6 -59.9 65.2 -5.0 -57.8

Estuary 144.7 -46.0 128.2 -11.4 -39.0

Agricultural fertiliser –20% & split of 

agricultural fertiliser
Current
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Harvey. 
 
The application of this scenario on the Serpentine catchment shows that the Upper Serpentine 
reporting catchment (ID 30) is close to meeting the required LRT and WQT. This shows that the 
scenario needs to be combined with other management actions before the LRT and WQT can be 
met. The remainder of the subcatchments in the Serpentine needs to reduce their loads and 
water quality by at least a further 40%. 
 
The application of this scenario on the Harvey catchment shows that 4 subcatchments are close 
(within 20%) to meeting their LRT and WQT. As with the Serpentine, the use of these BMPs 
could be combined with other management actions to produce the required LRTs and WQTs. In 
this scenario, 11 subcatchments are halfway towards meeting their targets. The remaining 
subcatchments are located on the western portion of the estuary and need to reduce their actual 
load and concentration by more than 80%. These catchments will require combining this scenario 
with other more effective scenarios (those producing at least 50% of the required reduction) or 
the use of other scenarios altogether.  
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10 Suitable BMP Combinations for each Catchment 
 
This section focuses on two problems that arise when applying a combination of BMPs to a non-
linear system. The first difficulty is to determine a sufficient combination of BMPs required to meet 
the load reduction and water quality targets. Secondly, the subcatchments that are best suited for 
implementation of the BMPs must also be determined.  
 
In a “linear world”, the first problem is easily overcome by adding the associated load reductions 
of the BMPs for the various scenarios, and the total load reduction would be equal to the sum of 
the individual load reductions. However, this assumption of linearity is not valid in a hydrological 
system, which becomes extremely complicated when the water quality aspect is taken into 
account. In the real world, when processes are non-linear, there is no simple way of addressing 
the problems outlined above. The only solution is to set up each possible scenario with a 
combination of BMPs, and to use the model output to estimate the resulting load reduction and 
water quality. 
 
Moreover, the output of the model focuses only on the aspects of load reduction and water quality 
improvement to guide managerial decisions. In reality, decisions are also guided by factors such 
as social aspects, economical returns and political willingness. Unfortunately, these dimensions 
are not readily available for the Peel Harvey catchment, and are not included into the DSS model. 
The following scenarios will focus on achieving the best environmental outcome only. 
 
The first step in the determination of the type and placement of the BMPs to be implemented is to 
build an inter-comparison table for the efficiency of each BMP tested previously. This is done by 
the use of a ranking system based on load reduction and concentration. When a suitable 
combination of BMPs is selected using the ranking tables, the next step is to implement the suite 
of chosen BMPs on each reporting and draining catchment. Subsequent load reduction and water 
quality results are obtained at the bottom of the reporting catchments. 
 
The ranking system is based on the efficiency, which is expressed in terms of the ratio of the load 
(LR) and concentration (CR) that would prevail if the catchment maintains its 2003 land use and 
fertiliser use. The following method is used to define the ranking system: 

• An action will be ranked –1 if it provides an increase in load/concentration 
• An action will be ranked 0 if it provides no reduction in load /concentration  
• An action will be ranked 1 if it provides a reduction in load/concentration by less than 

20% 
• An action will be ranked 2 if it provides a reduction in load/concentration by less than 

40% but more than 20% 
• An action will be ranked 3 if it provides a reduction in load/concentration by less than 

60% but more than 40% 
• An action will be ranked 4 if it provides a reduction in load/concentration by less than 

80% but more than 60% 
• An action will be ranked 5 if it provides a reduction in load/concentration by less than 

100% but more than 80% 
• An action will be ranked 6 if it provides a reduction in load/concentration by more than 

100% or is not needed.  
 
It is important to bear in mind that the efficiency of the implementation of a BMP in any given 
catchment is dependent on the efficiency of the same BMPs in all of the draining reporting 
catchments. As a result, it is difficult to judge the real efficiency of a BMP on any reporting 
catchment, other than for first-order reporting catchments. 
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10.1 Point Source Management 
 
Table 27 presents the result of the ranking for the following point source management scenarios:  

• Licensed agricultural premise have their export set to zero. 
• Licensed agricultural premise have their export reduced by 50% 
• Connection to Infill sewerage for all residential areas. 
• Connection to infill sewerage for all residential areas, licensed agricultural premise have 

their export set to zero. 
 
Table 26: Ranking of Load Reduction and Concentration Reduction for point source management 
scenario 

 
 

LR CR LR CR LR CR LR CR

East Harvey Peel Drain 158 1 1 1 1 1 1 1 2

159 4 3 2 1 0 0 4 3

160 2 2 1 1 0 0 2 2

161 1 1 1 1 3 2 3 3

164 1 1 1 1 0 0 1 1

243 1 0 0 0 2 1 2 1

245 0 0 0 0 1 1 1 1

246 1 1 1 0 1 1 1 1

279 2 2 1 1 0 0 2 2

280 2 1 1 1 0 0 2 1

Coastal West 272 2 2 1 1 1 1 2 2

273 2 2 2 2 1 1 2 2

274 1 1 1 1 2 2 2 2

275 1 1 1 1 2 1 2 2

276 0 1 0 0 3 3 3 3

277 0 1 0 0 3 3 3 3

278 1 2 1 2 5 5 5 5

Coastal Central 281 1 1 1 1 2 2 3 3

282 1 1 1 0 2 2 2 2

283 1 2 1 2 0 0 1 2

Harvey Drains 182 1 1 1 1 1 1 2 5

183 1 1 1 1 1 2 1 2

190 0 1 0 1 2 3 2 3

192 0 0 0 0 1 1 1 1

203 1 2 1 1 2 2 2 2

208 1 1 1 1 2 2 2 3

220 1 1 1 1 1 1 1 1

Harvey Tributary-Carrati 233 1 1 1 1 0 0 1 1

234 1 1 1 1 2 2 2 2

Harvey Tributary 231 1 1 1 1 2 2 2 2

167 1 0 1 0 1 1 1 2

Meredith 174 1 2 1 1 0 0 1 2

Total Harvey 1 1 2 2

Ungauged Serpentine 1 1 1 1 1 1 1 1 1

Mandurah 285 3 2 2 1 1 1 3 2

Peel Main Drain 16 1 2 1 2 1 1 1 2

Upper Serpentine 28 1 1 1 1 3 2 3 2

30 1 1 1 1 1 1 1 1

Dirk Brook 46 1 1 1 1 1 1 1 1

Nambellup 5 1 0 1 0 1 1 1 1

Gull Road 13 4 3 2 0 1 1 4 3

Total Serpentine 1 1 2 2

Total to Estuary 1 1 1 2

License premise Infill connection Infill connection
WQIP Reporting

Catchment

Reporting

Catchment

Outlet

no export 0.5 kg TP/ha/yr License premise

License premise
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The orange highlighting of the subcatchment ID indicates that the subcatchment does not require 
any concentration or load reduction. 
 
Table 28 presents the result of the ranking for the scenarios relating to dairy effluent 
management. 
 
Table 28: Ranking of Load Reduction and Concentration Reduction for dairy effluent 
management 
 

 
 

LR CR LR CR LR CR LR CR

East Harvey Peel Drain 158 0 0 0 0 0 0 0 0

159 0 0 0 0 0 0 0 0

160 0 0 0 0 0 0 0 0

161 1 1 1 1 1 1 1 1

164 1 1 1 1 1 1 1 1

243 1 1 1 1 1 1 1 1

245 0 0 0 0 0 0 0 0

246 2 2 2 2 2 2 2 2

279 0 0 0 0 0 0 0 0

280 0 0 0 0 0 0 0 0

Coastal West 272 0 0 0 0 0 0 0 0

273 2 2 2 2 2 2 2 2

274 0 0 0 1 0 1 0 1

275 1 -1 1 -1 1 -1 1 -1

276 -1 -1 -1 -1 -1 -1 -1 -1

277 1 -1 1 -1 1 -1 1 -1

278 1 1 1 1 1 1 1 1

Coastal Central 281 2 1 2 1 2 1 2 1

282 0 1 0 1 0 1 0 1

283 2 3 2 3 2 3 2 3

Harvey Drains 182 1 1 1 1 1 1 1 1

183 1 1 1 1 1 1 1 1

190 1 1 1 1 1 1 1 1

192 1 1 1 1 1 1 1 1

203 0 0 0 0 0 0 0 0

208 1 1 1 1 1 1 1 1

220 1 1 1 1 1 1 1 1

Harvey Tributary-Carrati 233 1 1 1 1 1 1 1 1

234 1 1 1 1 1 1 1 1

Harvey Tributary 231 1 1 1 1 1 1 1 1

167 1 1 1 1 1 1 1 1

Meredith 174 0 0 1 1 1 1 1 1

Total Harvey 1 1 1 1

Ungauged Serpentine 1 1 1 1 1 1 1 1 1

Mandurah 285 0 0 1 1 1 1 1 1

Peel Main Drain 16 0 0 1 1 1 1 1 1

Upper Serpentine 28 0 0 1 1 1 1 1 1

30 1 1 1 1 1 1 1 1

Dirk Brook 46 1 1 1 1 1 1 1 1

Nambellup 5 1 1 1 1 1 1 1 1

Gull Road 13 0 0 1 1 1 1 1 1

Total Serpentine 1 1 1 1

Total to Estuary 1 1 1 1

WQIP Reporting 

Catchment

Reporting 

Catchment 

Outlet

Dairy Effluent Management

Level 4 Level 3 Level 2 Level 1
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10.2 Agricultural BMPs 
 
Table 29 presents the result of the ranking for the scenarios associated with a change in fertiliser 
type from Super Phosphate to Coastal Super Phosphate, and from Super Phosphate to Red Mud 
Coated Super Phosphate. 
 
Table 28: Ranking of Load Reduction and Concentration Reduction for change of type of fertiliser 
scenario 

LR CR LR CR

East Harvey Peel Drain 158 0 0 1 1

159 0 0 1 1

160 0 0 1 1

161 1 1 1 1

164 1 1 1 1

243 1 1 1 1

245 0 0 1 1

246 2 2 2 2

279 0 0 1 1

280 0 0 1 1

Coastal West 272 0 -1 1 1

273 2 2 3 2

274 0 1 1 1

275 -1 -1 1 -1

276 -1 -1 -1 -1

277 1 -1 1 -1

278 -1 -1 1 -1

Coastal Central 281 1 1 1 1

282 -1 1 1 1

283 2 2 2 3

Harvey Drains 182 -1 -1 1 1

183 1 1 1 1

190 -1 0 1 1

192 1 1 1 1

203 0 0 1 1

208 1 0 1 1

220 1 1 1 1

Harvey Tributary-Carrati 233 1 1 1 1

234 1 1 1 1

Harvey Tributary 231 1 1 1 1

167 1 -1 1 1

Meredith 174 0 0 1 1

Total Harvey 1 1

Ungauged Serpentine 1 1 1 1 1

Mandurah 285 1 1 1 1

Peel Main Drain 16 1 1 2 2

Upper Serpentine 28 1 1 1 2

30 1 1 1 1

Dirk Brook 46 1 1 2 2

Nambellup 5 1 1 1 1

Gull Road 13 1 1 1 1

Total Serpentine 1 1 1

Total to Estuary 1 1

WQIP Reporting

Catchment

Reporting

Catchment

Outlet

Coastal Super Red Mud Super

Change of Fertiliser from Super
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Analysis of Table 29 indicates that if coastal super phosphate is applied instead of super 
phosphate fertiliser, the slow-release nature of the fertiliser could actually lead to an increase in 
the load and concentration at the outlets. This could also be linked to the models’ assumptions 
used in this scenario. Also, use of red coated coastal super phosphate instead of coastal super 
phosphate improves the phosphorus export from each reporting catchment. 
  
Table 30 presents the ranking results for the replacement of annual pasture to perennial pasture 
at various uptake rates. The load and concentration reductions given by LASCAM are less than 
those predicted by the Department of Agriculture for similar land use change. This is likely to be 
due to the detail and assumptions used in LASCAM when considering leaf area index and 
seasonally varying vegetation types, and it is likely that LASCAM requires further refinement if it 
is to predict this type of land use change to a greater degree of accuracy. 
 
Table 30: Ranking of Load Reduction and Concentration Reduction for replacing annual pasture 
by perennial pasture for different uptake rate scenario 

 

LR CR LR CR LR CR

East Harvey Peel Drain 158 0 0 0 0 0 0

159 0 0 0 0 0 0

160 0 0 0 0 0 0

161 1 0 1 0 1 0

164 0 0 0 0 0 0

243 0 0 0 0 0 0

245 0 0 0 0 0 0

246 0 0 0 0 0 0

279 0 0 0 0 0 0

280 0 0 0 0 0 0

Coastal West 272 0 -1 0 -1 0 -1

273 2 2 2 2 2 2

274 0 1 0 1 0 1

275 -1 -1 -1 -1 -1 -1

276 -1 -1 -1 -1 -1 -1

277 -1 -1 -1 -1 -1 -1

278 -1 -1 -1 -1 -1 -1

Coastal Central 281 1 1 1 1 1 1

282 -1 -1 -1 -1 -1 -1

283 1 2 1 2 2 2

Harvey Drains 182 1 1 1 1 1 1

183 1 1 1 1 1 1

190 0 0 0 0 0 0

192 1 1 1 1 1 1

203 2 1 2 1 2 1

208 -1 -1 -1 -1 -1 -1

220 -1 0 -1 0 -1 -1

Harvey Tributary-Carrati 233 0 0 0 0 0 0

234 0 0 0 0 0 0

Harvey Tributary 231 0 0 0 0 0 0

167 -1 -1 -1 -1 -1 -1

Meredith 174 1 0 1 0 1 0

Total Harvey -1 -1 -1

Ungauged Serpentine 1 1 1 1 1 1 1

Mandurah 285 0 0 0 0 0 0

Peel Main Drain 16 0 0 0 0 -1 0

Upper Serpentine 28 0 0 0 0 0 0

30 1 1 1 1 1 1

Dirk Brook 46 1 1 1 1 1 1

Nambellup 5 1 1 1 1 1 1

Gull Road 13 0 0 0 0 0 0

Total Serpentine 1 1 1 1 1 0

Total to Estuary 1 1 1

WQIP Reporting 

Catchment

Reporting 

Catchment 

Outlet

100%

Replacement Annual Pasture by Periennal Pasture

20% 50%
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Table 31presents the scenario resulting from a change in fertiliser frequency. The results 
indicates that authorised fertilisation every second year is not enough to reduce loads and 
concentration at the bottom of each reporting catchment by more than 60%. Splitting the fertiliser 
application to pre and post rain season has a tendency to increase loads and concentrations at 
the outlet of most reporting catchments, although this increase is usually minimal. LASCAM 
assumes that the rain season is defined by a fixed date, which is not the case in reality, and there 
is a possibility that the increase in load for this scenario could be linked with this assumption.  
 
Table 31. Ranking of Load Reduction and Concentration Reduction for changing the frequency of 
agricultural fertiliser application 

 

LR CR LR CR LR CR

East Harvey Peel Drain 158 1 1 1 1 0 0

159 1 1 1 1 0 0

160 1 1 1 1 0 0

161 1 1 1 1 1 0

164 1 1 1 1 1 1

243 2 1 2 1 -1 -1

245 1 1 1 1 -1 0

246 2 2 2 2 2 2

279 1 1 1 1 -1 -1

280 1 1 1 1 -1 -1

Coastal West 272 1 1 1 1 1 -1

273 3 2 3 2 2 2

274 1 1 1 1 0 -1

275 1 0 1 0 -1 -1

276 0 0 -1 -1 -1 -1

277 1 0 1 1 -1 -1

278 0 -1 -1 -1 -1 -1

Coastal Central 281 2 1 1 1 1 1

282 -1 0 0 -1 -1 -1

283 2 3 2 2 1 2

Harvey Drains 182 1 1 1 1 -1 -1

183 1 1 1 1 1 1

190 1 1 1 1 -1 -1

192 2 2 1 1 1 0

203 1 1 1 1 -1 -1

208 1 1 1 1 0 0

220 1 1 1 1 1 1

Harvey Tributary-Carrati 233 1 1 1 1 1 1

234 1 1 1 1 1 -1

Harvey Tributary 231 1 1 1 1 1 0

167 1 1 1 1 -1 -1

Meredith 174 1 1 1 1 1 1

Total Harvey 1 1 1

Ungauged Serpentine 1 2 1 2 1 -1 -1

Mandurah 285 1 1 1 1 0 0

Peel Main Drain 16 2 2 1 1 1 1

Upper Serpentine 28 1 2 1 1 1 1

30 1 1 1 1 1 1

Dirk Brook 46 2 2 2 2 1 -1

Nambellup 5 2 2 2 2 -1 -1

Gull Road 13 1 1 1 1 -1 -1

Total Serpentine 2 2 -1

Total to Estuary 1 1 1

Every second year Every third year

Every year, split 

season

Fertiliser Frequency of Application

WQIP Reporting 

Catchment

Reporting 

Catchment 

Outlet
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Table 32 presents the scenario ranking results when reduction of agricultural fertiliser is 
implemented. Not surprisingly, the results indicate that the reduction of phosphorus fertiliser is 
directly related to a reduction in the export of phosphorus load and concentration; the greater the 
reduction in fertiliser, the greater the reduction in phosphorus exports. 
 
Table 32: Ranking of Load Reduction and Concentration Reduction for reducing fertiliser application on 
agricultural use.  

LR CR LR CR

East Harvey Peel Drain 158 1 0 1 1

159 1 1 1 1

160 1 1 1 1

161 1 1 1 1

164 1 1 1 1

243 1 1 2 2

245 1 0 1 1

246 2 2 3 3

279 1 1 1 1

280 1 1 1 1

Coastal West 272 1 1 1 1

273 2 2 3 3

274 1 1 1 1

275 1 0 1 0

276 0 0 1 0

277 1 0 1 0

278 1 1 1 1

Coastal Central 281 2 1 2 2

282 0 1 1 1

283 2 3 2 3

Harvey Drains 182 1 1 1 1

183 1 1 1 2

190 1 1 1 1

192 1 1 2 2

203 1 1 1 1

208 1 1 1 1

220 1 1 1 1

Harvey Tributary-Carrati 233 1 1 1 1

234 1 1 1 1

Harvey Tributary 231 1 1 1 1

167 1 1 1 1

Meredith 174 1 1 1 1

Total Harvey 1 1

Ungauged Serpentine 1 1 1 2 2

Mandurah 285 0 1 1 1

Peel Main Drain 16 0 1 2 2

Upper Serpentine 28 0 1 2 2

30 1 1 2 1

Dirk Brook 46 1 1 2 2

Nambellup 5 1 1 2 2

Gull Road 13 0 1 1 1

Total Serpentine 1 2

Total to Estuary 1 1

Agricultural Fertiliser Reduction

20% 50%
WQIP Reporting 

Catchment

Reporting 

Catchment 

Outlet
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Table 33 presents scenario results obtained when a 20% reduction of phosphorus fertiliser is 
combined with the splitting of the application of fertiliser following the rain season. Analysis of the 
results indicates that the combination of the two management actions applied is not enough to 
meet the desired LRT and CRT. There is a small proportion of catchments where LASCAM 
predicts an increase in load and concentration upon application of the BMP. After detailed 
analysis, this result seem to be linked to a propagation of rounding errors within LASCAM, and 
should in fact be read as no change.  
 
Table 33: Ranking of Load Reduction and Concentration Reduction for 20% reduction of P fertiliser and split 
of the application following the rainfall season 

 

LR CR

East Harvey Peel Drain 158 1 1

159 1 1

160 1 1

161 1 1

164 1 1

243 2 2

245 1 1

246 3 3

279 2 2

280 1 2

Coastal West 272 1 1

273 3 3

274 2 1

275 2 1

276 1 -1

277 1 -1

278 1 1

Coastal Central 281 2 2

282 1 1

283 3 3

Harvey Drains 182 2 2

183 2 2

190 1 2

192 2 2

203 2 1

208 1 1

220 1 2

Harvey Tributary-Carrati 233 1 1

234 1 1

Harvey Tributary 231 1 1

167 1 2

Meredith 174 1 2

Total Harvey 2

Ungauged Serpentine 1 1 1

Mandurah 285 1 1

Peel Main Drain 16 1 1

Upper Serpentine 28 1 1

30 2 2

Dirk Brook 46 1 1

Nambellup 5 -1 -1

Gull Road 13 -1 -1

Total Serpentine 1

Total to Estuary 1

Split Applicaton

Reduction of 20%Reporting

Catchment

Outlet

WQIP Reporting

Catchment
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10.3 Reforestation of agricultural land use 
 
Table 34 and 35 implemented to agricultural land use. Analysis of the tables indicates that a small 
percentage of reforestation will produce a small load reduction whereas a complete reforestation 
will see a reduction of 80% of the load to the estuary. However, a greater reduction of load per 
unit area occurs when smaller percentages of the agricultural land are reforested. As a result, a 
well-targeted reforestation program will have the ability to optimise the improvement of the health 
of the estuary whilst minimising the amount of agricultural land required for forest plantations. 
 
Analysis of the results also indicates that for various reporting catchments the model predicts an 
increase in phosphorus concentration following reforestation. This is due to the fact that 
reforestation usually results in a decrease in both discharge and nutrient export. The reduction in 
discharge may or may not result in an increase in concentration. This reflects to the non-linearity 
of the processes.  
 
Table 34: Ranking of Load Reduction and Concentration Reduction for replacing agricultural land 
use by forest for different uptake rate scenarios 
 

 

LR CR LR CR LR CR

East Harvey Peel Drain 158 1 0 2 0 2 0

159 1 -1 1 -1 1 -1

160 1 -1 1 -1 1 -1

161 2 1 2 -1 3 0

164 1 -1 2 -1 2 -1

243 4 3 4 3 4 3

245 1 -1 1 -1 1 -1

246 3 2 3 2 3 2

279 1 1 2 1 2 1

280 1 1 2 -1 2 1

Coastal West 272 0 -1 0 -1 0 -1

273 2 2 2 2 2 2

274 0 1 0 1 0 1

275 0 0 0 0 0 0

276 0 0 0 0 0 0

277 0 0 0 0 0 0

278 -1 -1 -1 -1 -1 -1

Coastal Central 281 1 1 1 1 1 1

282 0 0 0 0 0 0

283 1 2 1 2 1 2

Harvey Drains 182 0 0 0 0 5 5

183 2 3 2 3 3 3

190 3 4 4 4 4 4

192 2 1 2 1 3 2

203 2 1 3 1 3 1

208 1 1 1 1 1 1

220 1 1 1 1 2 1

Harvey Tributary-Carrati 233 2 0 2 -1 3 -1

234 3 2 3 2 4 2

Harvey Tributary 231 3 2 3 2 3 2

167 2 1 2 1 3 2

Meredith 174 1 1 1 -1 2 -1

Total Harvey 2 2 3

Ungauged Serpentine 1 2 1 2 2 3 2

Mandurah 285 0 0 0 0 0 0

Peel Main Drain 16 1 1 1 1 2 1

Upper Serpentine 28 2 1 3 1 3 2

30 1 1 2 1 2 2

Dirk Brook 46 2 2 3 2 4 3

Nambellup 5 2 2 3 2 4 3

Gull Road 13 1 1 1 -1 1 -1

Total Serpentine 2 0 2 0 3 0

Total to Estuary 1 2 3

Degree of Re-afforestation

10% 20% 30%
WQIP Reporting 

Catchment

Reporting 

Catchment 

Outlet
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Table 34: Ranking of Load Reduction and Concentration Reduction for replacing agricultural land 
use by forest for different uptake rate scenarios 
 

LR CR LR CR LR CR

East Harvey Peel Drain 158 3 -1 3 -1 4 -1

159 1 -1 1 -1 1 -1

160 2 -1 2 -1 2 -1

161 3 -1 4 -1 5 2

164 2 -1 3 -1 3 -1

243 4 3 5 3 5 3

245 2 -1 2 -1 2 -1

246 4 2 4 2 5 3

279 3 1 3 1 3 1

280 3 1 3 -1 3 -1

Coastal West 272 0 -1 0 -1 0 -1

273 2 2 2 2 2 2

274 0 1 0 1 0 1

275 0 0 0 0 0 0

276 0 0 0 0 0 0

277 0 0 0 0 0 0

278 -1 -1 -1 -1 -1 -1

Coastal Central 281 1 1 1 1 1 1

282 0 0 0 0 0 -1

283 1 2 1 2 1 2

Harvey Drains 182 5 5 5 5 5 5

183 3 3 4 4 4 4

190 4 4 4 4 4 4

192 3 2 3 2 4 3

203 3 1 4 1 4 2

208 2 1 2 1 2 1

220 2 1 2 1 3 1

Harvey Tributary-Carrati 233 3 -1 4 -1 4 -1

234 4 2 4 2 4 2

Harvey Tributary 231 4 2 4 1 4 1

167 3 2 3 2 3 2

Meredith 174 2 -1 2 -1 3 -1

Total Harvey 3 3 4

Ungauged Serpentine 1 4 2 4 3 4 3

Mandurah 285 0 0 0 0 0 0

Peel Main Drain 16 2 1 2 2 3 2

Upper Serpentine 28 4 3 4 3 5 3

30 3 2 3 2 3 2

Dirk Brook 46 4 4 5 4 5 4

Nambellup 5 4 4 5 4 5 4

Gull Road 13 1 -1 2 -1 2 -1

Total Serpentine 4 0 4 0 4 0

0

Total to Estuary 3 3 4

Degree of Reafforestation

40% 50% 75%
WQIP Reporting 

Catchment

Reporting 

Catchment 

Outlet
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10.4 BMPs applied to all Landuse Types 
  
Table 36 and 38 present load and concentration reductions predicted when various BMP 
scenarios are applied on all land use types. The aim is to determine the possible load and 
concentration reduction at the outlet of each reporting catchment that could be achieved when 
agricultural BMPs are extended into urban area.   
 
Table 36 presents the results obtained for scenarios combining connection to the infill sewerage 
and use of soil remediation techniques. Table 37 presents the results if infill sewerage and a 
reduction of phosphorus fertiliser by 25% is implemented. Table 38 presents predicted results 
when connection to infill sewerage is compulsory and there is no export from the licensed 
agricultural premises. 
 
Table 36: Ranking of Load Reduction and Concentration Reduction for infill sewerage and soil 
remediation.  
 

LR CR LR CR LR CR

East Harvey Peel Drain 158 1 1 1 2 1 1

159 1 1 4 3 1 2

160 1 1 2 2 1 2

161 3 3 3 3 3 3

164 1 1 1 1 1 2

243 2 2 2 2 2 2

245 1 1 1 1 1 1

246 2 2 2 2 4 4

279 1 1 2 2 2 3

280 1 1 2 1 2 3

Coastal West 272 1 1 3 2 2 2

273 3 2 3 2 4 4

274 2 2 2 2 4 4

275 2 1 2 2 4 3

276 3 1 4 3 4 3

277 4 3 4 4 5 4

278 5 5 5 5 5 5

Coastal Central 281 3 3 4 4 4 3

282 2 2 2 2 2 2

283 2 3 2 3 2 3

Harvey Drains 182 1 1 2 2 2 2

183 2 2 2 3 2 2

190 3 3 3 3 3 3

192 2 2 2 2 2 2

203 2 2 3 3 2 2

208 2 3 2 3 2 3

220 2 2 2 2 2 2

Harvey Tributary-Carrati 233 1 1 1 1 1 1

234 3 3 3 3 3 3

Harvey Tributary 231 2 2 2 2 2 3

167 2 2 2 2 2 2

Meredith 174 1 1 2 2 2 3

Total Harvey 2 2 2

Ungauged Serpentine 1 2 2 2 2 3 3

Mandurah 285 1 1 3 2 1 1

Peel Main Drain 16 2 2 3 3 2 2

Upper Serpentine 28 3 3 4 3 4 4

30 2 2 2 2 2 2

Dirk Brook 46 2 2 2 2 4 4

Nambellup 5 2 2 2 2 4 4

Gull Road 13 1 1 4 3 1 1

Total Serpentine 2 2 3

Total to Estuary 2 2 3

Infill Sewerage Connection & Reduction P Fert 25%

 No Pt Src Soil Remediation
WQIP Reporting 

Catchment

Reporting 

Catchment 

Outlet
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Analysis of Table 36 indicates that control of agricultural point sources will help in reaching the 
desired WQT and LRT. Most of the reporting catchments produce satisfactory LRTs and WQTs 
when infill sewerage and soil remediation is implemented. A combination of connection to infill 
sewerage and use of soil remediation for the Harvey Drains, Coastal Central and Coastal West 
Catchments seem to demonstrate that phosphorus can effectively be reduced by a range of 60% 
to more than 80%. These results demonstrate the possibilities associated with the use of soil 
remediation techniques in urban areas. 
 
Table 37: Ranking of Load Reduction and Concentration Reduction for scenarios involving 
connection to infill sewerage and reduction of phosphorus fertiliser applied on catchment by 25%. 

LR CR LR CR

East Harvey Peel Drain 158 1 1 1 1

159 1 2 4 4

160 1 2 3 3

161 3 3 3 4

164 1 2 1 3

243 2 2 2 2

245 1 1 1 1

246 3 3 3 3

279 2 3 4 4

280 2 3 3 4

Coastal West 272 2 2 3 3

273 4 4 4 4

274 4 4 4 4

275 4 3 4 4

276 4 3 5 4

277 4 3 4 4

278 5 5 5 5

Coastal Central 281 4 3 4 3

282 2 2 2 3

283 2 3 2 3

Harvey Drains 182 1 1 2 2

183 1 1 1 2

190 2 3 2 3

192 1 1 1 1

203 2 2 2 2

208 2 3 2 3

220 1 1 1 2

Harvey Tributary-Carrati 233 1 1 1 1

234 2 3 2 3

Harvey Tributary 231 2 2 2 2

167 2 2 2 2

Meredith 174 2 3 3 4

Total Harvey 2 2

Ungauged Serpentine 1 3 2 3 3

Mandurah 285 1 1 3 2

Peel Main Drain 16 1 2 2 3

Upper Serpentine 28 3 4 3 4

30 1 1 1 2

Dirk Brook 46 4 4 4 4

Nambellup 5 3 4 3 4

Gull Road 13 1 1 4 3

Total Serpentine 3 3

Total to Estuary 2 2

Infill Connection+Soil Remediation

 

Ag Point Source 

set to 0kg 

TP/ha/yr

WQIP Reporting 

Catchment

Reporting 

Catchment 

Outlet
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Table 38: Ranking of Load Reduction and Concentration Reduction involving connection to infill 
sewerage associated with no export from agricultural licensed premises. 
 

 
 
Analysis of Table 38 indicates that a maximum of 60% reduction of load to the estuary can be 
achieved. It should be noted that it is not viable for most agricultural land to reduce the application 
of phosphorus fertiliser by 50% or greater, and by assessing this scenario we are effectively 
assessing a land use change for these agricultural premises.  
 

LR CR LR CR LR CR LR CR

East Harvey Peel Drain 158 1 1 2 2 2 2 2 2

159 1 1 4 4 4 4 4 4

160 1 1 3 3 3 3 3 3

161 3 3 3 4 4 4 4 4

164 1 1 1 3 1 3 1 3

243 3 2 3 3 3 3 4 4

245 1 1 1 1 1 1 1 1

246 3 3 4 4 4 4 5 4

279 1 1 4 4 4 4 4 4

280 1 1 3 4 3 4 3 4

Coastal West 272 1 1 4 3 4 3 4 3

273 3 3 4 4 4 4 5 4

274 2 2 4 4 4 4 4 4

275 2 1 4 4 5 4 5 4

276 3 2 5 4 5 4 5 5

277 4 3 5 4 5 4 5 5

278 5 5 5 5 5 5 5 5

Coastal Central 281 4 3 4 4 4 4 5 4

282 2 2 3 3 3 3 3 3

283 2 3 3 3 3 4 3 4

Harvey Drains 182 2 2 2 2 3 3 3 3

183 2 3 2 3 2 4 3 4

190 3 3 3 4 3 4 3 4

192 3 3 3 3 3 3 3 4

203 3 2 3 3 4 4 4 4

208 3 3 3 3 3 3 3 3

220 2 2 2 2 2 3 3 3

Harvey Tributary-Carrati 233 1 1 1 2 1 2 2 3

234 3 3 3 3 3 3 4 4

Harvey Tributary 231 3 3 3 3 3 3 3 4

167 2 2 2 3 3 3 3 3

Meredith 174 1 1 3 4 3 4 3 4

Total Harvey 2 3 3 3

Ungauged Serpentine 1 3 2 3 3 4 3 4 4

Mandurah 285 1 1 3 2 3 2 3 3

Peel Main Drain 16 2 2 3 4 4 4 4 4

Upper Serpentine 28 4 4 4 5 4 5 5 5

30 2 2 2 2 3 3 3 3

Dirk Brook 46 3 3 4 5 5 5 5 5

Nambellup 5 3 3 4 5 4 5 4 5

Gull Road 13 1 1 4 3 4 3 4 3

Total Serpentine 3 3 4 4

Total to Estuary 2 3 3 3

 WQIP Reporting 

Catchment

 Reporting 

Catchment 

Outlet

Infill Connection

P Fert -50% P Fert -50% P Fert -75% P Fert -95%

Agricultural Licence Premises: No export
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10.5 Effective BMP Combinations for each Catchment 
 
Upon completion of ranking and assertion of the above BMPs, a decision can be made as to 
which combination of BMPs will be appropriate in each catchment. However, choosing effective 
BMPs for each catchment remains a difficult task due to the non-linearity of the hydrology and 
nutrient processes.  Furthermore, it is not intuitive (from the rankings) as to which combinations 
will provide the most benefit, so many of the high ranking combinations need to be tested. 
 

10.5.1 Possible scenario 1 
 
To illustrate the process that is used to test the different possible combinations of scenarios, a 
scenario is built based on the use of four BMPs. These BMPs are distributed according to Table 
39 and include: 

• No export from licensed agricultural premises 
• Soil remediation applied at 10T/ha/year up to a maximum of 20T. 
• Use of Red Coat Coastal Super Phosphate 
• Connection to Infill Sewerage 

 
In Table 39, the meaning of the different term is the following: 

• The na indicates that the catchment does not require LRT and WQT 
• The  indicates that the proposed BMP will have a positive and non negligible effect in 

term of LRT and WQT  
• The “ “ indicates that the proposed BMP has no effect in term of LRT and WQT 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 39. Scenario 1. What BMPs and Where? 
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 Reporting No export  Soil  Red coat Connection 
WQIP Reporting  Catchment  Agricultural Remediation Coastal Infill 
Catchment Outlet Licens. Pt Source   Superphosphate Sewerage 
East Harvey Peel Drain 158 na na na na 
  159     

  160     

  161     

  164 na na na na 
  243      

  245 na na na na 
  246     

  279     

  280     

Coastal West 272     

  273     

  274     

  275     

  276     

  277     

  278     

Coastal Central 281     

  282     

  283     

Harvey Drains 182     

  183     

  190     

  192     

  203     

  208     

  220     

Harvey Tributary-Carrati 233 na na na na 
  234     

Harvey Tributary 231     

  167     

Meredith 174     

Ungauged Serpentine 1     

Mandurah 285     

Peel Main Drain 16     

Upper Serpentine 28     

  30     

Dirk Brook 46     

Nambellup 5     

Gull Road 13     
 
 
 
 
Table 40 presents the load and concentration reduction achieved when scenario 1 is 
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implemented. Figure 12 presents the desired load and predicted load after implementation of 
scenario 1. Figure 13 presents the median winter concentration if the 2003 land use prevailed 
and the predicted median winter concentration after implementation of scenario 1. The results of 
implementation of scenario 1 are given in Annex 7. 
 
Table 40: Load and concentration reduction achieved when scenario 1 is implemented. 
 

Analysis of Table 40 indicates several results. Firstly, the implementation of scenario 1 sees 

Desired  

LRT LR CR

East Harvey Peel Drain 158 0 1 1

159 3 1 2

160 2 1 2

161 2 2 3

164 0 1 2

243 3 2 2

245 0 1 1

246 4 4 4

279 3 2 3

280 3 2 3

Coastal West 272 3 2 2

273 4 4 4

274 4 4 4

275 4 4 3

276 5 3 2

277 5 3 2

278 5 3 3

Coastal Central 281 5 3 1

282 4 1 2

283 5 2 3

Harvey Drains 182 5 1 1

183 3 1 1

190 3 1 1

192 3 1 1

203 3 1 1

208 2 1 1

220 2 1 1

Harvey Tributary-Carrati 233 0 1 1

234 3 1 2

Harvey Tributary 231 2 1 2

167 2 1 1

Meredith 174 3 2 3

Total Harvey 3 2

Ungauged Serpentine 1 4 3 3

Mandurah 285 3 3 2

Peel Main Drain 16 4 3 4

Upper Serpentine 28 5 4 5

30 2 2 2

Dirk Brook 46 5 4 5

Nambellup 5 4 4 4

Gull Road 13 4 4 3

Total Serpentine 3 3 3

Total to Estuary 3 4 2

WQIP Reporting 

Catchment

 Reporting 

Catchment 

Outlet
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Harvey catchment reducing its exported load by 23% and Serpentine catchment its exported load 
by 56%. Secondly, the implementation of the proposed scenario is not enough to reduce load and 
concentration to the desired conditions for each of the reporting catchments. Comparison of the 
work that remains to do to meet the target indicates that the implementation of these BMPs on 
the Serpentine is closed to meet the target in term of load and concentration target. This indicates 
that further BMPs need to be implemented to complete the job given. One can note that one 
obvious BMP could be a reduction of fertiliser use on the catchment. These results are good 
news and demonstrate that LRT can be achieved by targeted treatment chain of BMPs on 
specific catchments.  

Desired Condition: Winter TP Loads (T)

Winter Load (T)
0 - 1
1 - 5
5 - 10
10 - 15
15 - 20
20 - 30
30 - 40
40 - 50
50 - 60
60 - 100

 
Figure 12. Desired and predicted loads when scenario 1 is implemented 
 
Analysis of Figure 12 and 13 shows several results. Firstly, most of the reporting catchments are 
close to meet their desired LRT. The only catchments that required supplement of BMPs 
implementation are Dirk Brook, Dandalup and Harvey irrigation area. A more detailed analysis 
shows that only nine of the reporting catchments are meeting their load reduction targets. 
Secondly, analysis of the predicted median concentration reveals that only five catchments are 
meeting their concentration targets. One can note that apart for the reporting catchments on the 
western part of the Estuary, the median concentration target is considerably reduced. This 
indicates that the implementation of the proposed scenario on each reporting catchment will 
provide beneficial outcomes to the Estuary. It can be note that the catchments, which are meeting 
their LRTs, are usually not the one meeting the concentration target (Annex 7). The latter 
illustrates the difficulty to meet concurrently load and concentration targets. 
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Current Condition:  
Median Winter TP Concentration (mg/L)

Median Winter 
Concentration 
(mg/L)

0 - 0.1
0.1 - 0.2
0.2 - 0.3
0.3 - 0.4
0.4 - 0.5
0.5 - 0.6
0.6 - 0.8
0.8 - 1
1 - 2
2 - 5

 
Figure 13. Current and predicted median Winter TP concentration following implementation of 
scenario 1. 
 

10.5.2 Possible scenario 2 
 
In order to present the full range of possible scenarios that can be explored by the model and to 
illustrate the high number of possible scenarios that could be implemented on each reporting 
catchment independently of each other, an extreme scenario is run. This scenario is focused on 
the reduction of the load produced by each reporting catchment only and emphasizes the need of 
consideration to be given to concentration aspect as well than economical, social and predictive 
dimensions. If the criteria chosen is to reach as soon as possible the best environmental outcome 
only, one obvious scenario is to change all the urban and agricultural land use back to forest. 
 
Table 41 presents the load and concentration reduction achieved by implementing the 
reforestation scenario. Figure 14 presents the current and predicted median winter load and 
Figure 15 presents the winter median concentration. The predicted loads and concentrations are 
given in Annex 7 
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Table 41. Loads and concentration reduction when scenario 2 is implemented 
  Reporting Desired   
WQIP Reporting  Catchment LRT LR CR 
Catchment Outlet       
East Harvey Peel Drain 158 0 4 -1 
  159 3 5 1 
  160 2 4 -1 
  161 2 5 -1 
  164 0 4 -1 
  243 3 5 -1 
  245 0 1 -1 
  246 4 5 -1 
  279 3 4 -1 
  280 3 4 -1 
Coastal West 272 3 4 -1 
  273 4 4 1 
  274 4 4 1 
  275 4 5 2 
  276 5 5 3 
  277 5 5 4 
  278 5 5 5 
Coastal Central 281 5 5 3 
  282 4 5 3 
  283 5 5 2 
Harvey Drains 182 5 5 5 
  183 3 4 2 
  190 3 4 2 
  192 3 5 2 
  203 3 5 2 
  208 2 4 1 
  220 2 4 1 
Harvey Tributary-Carrati 233 0 4 -1 
  234 3 5 -1 
Harvey Tributary 231 2 5 -1 
  167 2 4 -1 
Meredith 174 3 3 -1 
Total Harvey   3 4   
Ungauged Serpentine 1 4 3 -1 
Mandurah 285 3 5 -1 
Peel Main Drain 16 4 5 -1 
Upper Serpentine 28 5 4 -1 
  30 2 2 -1 
Dirk Brook 46 5 5 -1 
Nambellup 5 4 4 -1 
Gull Road 13 4 5 5 
Total Serpentine   3 3 3 
          
Total to Estuary   3 3   
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Desired Condition: Winter TP Loads (T)

Winter Load (T)
0 - 1
1 - 5
5 - 10
10 - 15
15 - 20
20 - 30
30 - 40
40 - 50
50 - 60
60 - 100

 
Figure 14 Desired and predicted median Winter TP load when scenario 2 is implementing 

Current Condition:  
Median Winter TP Concentration (mg/L)

Median Winter 
Concentration 
(mg/L)

0 - 0.1
0.1 - 0.2
0.2 - 0.3
0.3 - 0.4
0.4 - 0.5
0.5 - 0.6
0.6 - 0.8
0.8 - 1
1 - 2
2 - 5

 
Figure 15. Current and predicted median Winter TP concentration when scenario 2 is implementing 
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Analysis of Table 41, Figure 14 and 15 shows several results. Firstly, this scenario is more 
successful than scenario 1 in reducing load exported by each of the reporting catchments. As 
such, load reduction superior at the desired LRT have been achieved for nearly all-reporting 
catchments. Secondly, it can be seen that this scenario does not succeed to improve the water 
quality at the outlet of each reporting catchment. It even increases the water quality issues in 23 
of the reporting subcatchments (39). This increase of median winter concentration is due to a 
reduction of flow discharge itself due to the highest evapotranspiration capacity of forested land 
use than urban or agricultural land use. A direct consequence of the reduction of discharge is that 
less water is flushed from the catchment and thus less phosphorous is then mobilised and moved 
out of the reporting catchment. Thirdly, it is interesting to note that two reporting catchments (Gull 
Road and subcatchment 182) are actually meeting their LRT and WQT if the agricultural licensed 
premise is removed from the catchment. 
 

10.5.3 Possible scenario 3 
 
Implementation of scenario 2 demonstrates that it is possible to implement a management action, 
which results in two opposite outcomes. The “return” of the Coastal catchments to a natural forest 
state reduces the load exported by each reporting catchment but at the same time increase the 
median winter concentration “observed” at the bottom of each catchment. In order avoid the latter 
negative effect; it is proposed that soil remediation is used to mitigate the movement of 
phosphorus on each reporting catchment. This scenario is as unrealistic as the precedent but is 
part of the possible management decision that could be taken when environmental outcomes are 
the only focus.  
 
Table 42 presents the load and concentration reduction achieved by implementing the 
reforestation scenario. Figure 16 presents the current and predicted median winter load and 
Figure 17 presents the winter median concentration. 
 
Analysis of Table 42, Figure 16 and Figure 17 show several results. Firstly, the addition of soil 
remediation technique to the reforestation scenario improves directly the results obtained during 
the precedent scenario. Detail analysis shows that the Serpentine load export to the Estuary is 
reduced by 72% whereas the Harvey load is reduced by 80%. This is well beyond the load 
reduction targets. Secondly, the Harvey West and Harvey Estuary reporting catchment are 
meeting their load targeted. This result demonstrates that land use change action is necessary for 
these catchments to meet their required target. Fourthly, the use of remediation techniques even 
on such a land use as forest is proved to be one of the key remediation action for the Serpentine 
and Harvey catchment. For the Serpentine, in comparison of the previous scenario, the load to 
the estuary is decreased by a further 25% when soil remediation techniques are implemented. 
However for the Harvey, the reduction is a further 60%!!! Fifthly, even though the situation seems 
to be perfect in term of load, it is not the case in term of water quality. Analysis of Figure 8 
indicates that the average median concentration in all the reporting Harvey catchment is in the 
range 0.2-0.3 mg/l, whereas it is in the range 0.3-0.4 mg/l for Serpentine. This result 
demonstrates that extreme measure applied on the catchment could not be satisfactory in term of 
load and water quality requirement at the same time. Extreme measure will have tendency to 
reduce loads exported by catchment. Median concentration reduction demands more tactics 
thinking and has to encompass predictive land use, economical and social dimension. 
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Table 42. Load and concentration reduction predicted after implementation of scenario 3 
  Reporting Desired   
WQIP Reporting  Catchment LRT LR CR 
Catchment Outlet       
East Harvey Peel Drain 158 0 4 -1 
  159 3 5 2 
  160 2 5 1 
  161 2 5 2 
  164 0 4 -1 
  243 3 5 -1 
  245 0 2 -1 
  246 4 5 3 
  279 3 5 2 
  280 3 5 2 
Coastal West 272 3 4 2 
  273 4 5 4 
  274 4 5 3 
  275 4 5 4 
  276 5 5 4 
  277 5 5 5 
  278 5 5 5 
Coastal Central 281 5 5 5 
  282 4 5 3 
  283 5 5 2 
Harvey Drains 182 5 5 5 
  183 3 4 2 
  190 3 4 2 
  192 3 5 2 
  203 3 5 2 
  208 2 4 1 
  220 2 4 1 
Harvey Tributary-Carrati 233 0 4 -1 
  234 3 5 1 
Harvey Tributary 231 2 5 -1 
  167 2 4 1 
Meredith 174 3 5 2 
Total Harvey   3 5   
Ungauged Serpentine 1 4 4 -1 
Mandurah 285 3 5 -1 
Peel Main Drain 16 4 5 -1 
Upper Serpentine 28 5 5 2 
  30 2 3 -1 
Dirk Brook 46 5 5 2 
Nambellup 5 4 5 1 
Gull Road 13 4 5 5 
Total Serpentine   3 4 4 
          
Total to Estuary   3 4   
 
 



65 

Desired Condition: Winter TP Loads (T)
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Figure 16 Desired and predicted median Winter TP load when scenario 3 is implementing 

Current Condition:  
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Figure 17. Current and predicted median Winter TP concentration when scenario 3 is implementing 
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11 Conclusion 
 
This report presents the first results of the Decision Support System for the coastal part of the 
Peel Harvey catchment. This DSS has been built on a suite of 44 scenarios representing the 
different combination of possible agricultural Best Management Practices. In first instance, the 
report provides a sensitivity analysis to the calibrated parameters of the model implemented with 
the Decision Support System. In second instance, it tries to estimate the possible climate change 
effect through a simple model. It then focuses on the different BMPs and their application on each 
reporting catchment. The final part of this report attempts to determine what sort of BMPs has to 
be implemented on each reporting catchment and where it has to be implemented. 
 
Analysis of the climate change scenario shows that climate change will be a major source of 
change on the catchment. A wetter climate has the potential to undermine all attempt of 
remediation implemented on the catchment, but could potentially reduce the water quality 
problem experienced at the bottom of each reporting catchment. A drier climate will reduce the 
load exported by each of the reporting catchment, but could potentially increase the concentration 
due to a lack of flushing happening in each reporting catchment. 
 
Analysis of the different BMPs scenario shows that few BMPs have the potential to reduce load 
and concentration to the desired load and concentration on some first order reporting catchment. 
The results indicate too that substantial reduction of load and concentration could be obtained by 
combination of different BMPs on different reporting catchments. The results demonstrate that 
urban BMPs need to be considered in order to be successful in meeting the different targets for 
all the reporting catchment. The most successful BMPs in term of load and concentration 
reduction are: 

• No export to Agricultural licensed premises 
• Connection to Infill Sewerage 
• Use of soil remediation techniques in agricultural and urban catchments 
• Use of Red Coat Coastal Super Phosphate as fertiliser 
• Reduction of Phosphorus fertiliser applied on the ground 
• Reafforestation of urban land use 
• Land use change 
• Dairy Effluent Management 
• Replacement of annual pasture by periennal pasture. 

Among those BMPS, some are easy to implement and have great chance to be picked up by the 
community, some other are quite constraining and possess a lower chance to be picked up. 
 
The decision regarding what BMPs to implement and where in the reporting catchment is quite 
difficult to do. The decision is a trade off between the environmental requirements, the 
sociological aspect, the tourism people and the predictive dimension. However based on the 44 
BMPs tested, three different scenarios were presented. The first scenario focused on the 
implementation of suite of BMPs in order to meet the LRT and the WQTs. The second scenario 
was aiming to reduce the loading to the Estuary by implementing a drastic land use change. The 
last scenario was looking at improving the results of the previous scenario by implementing soil 
remediation techniques. One has to note that the latter two scenarios are unlikely to be 
implemented and were targeting Load Reduction Targets only. Based on the 44 BMPs run and 
under the assumption that the climate remains the same, the suite of BMPs chosen is  

• No export to Agricultural licensed premises 
• Connection to Infill Sewerage 
• Use of soil remediation techniques in agricultural and urban catchments 
• Use of Red Coat Coastal Super Phosphate as fertiliser 
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• Reduction of Phosphorus fertiliser applied on the ground by at least 25% 
• Reafforestation of urban an/or agricultural land use by at least 30% 

 
Analysis of the three different proposed scenarios shows two different results. Firstly, in the 
Serpentine catchment, it is possible to reach the proposed loads and concentration targets. In 
order to do so, several changes need to be implemented:  

• Change of type of fertiliser towards a phosphorus fertiliser free. This is reinforced by the 
recent legislation passed in New Zealand regarding phosphorus fertiliser use 

• Connection to Infill Sewerage or change of behavior regarding septic disposal. This 
condition is equivalent to having septic system that are not leaking, perfectly seal and 
serviced on regular basis. 

• Change of the license condition attached to the agricultural enterprise on the Serpentine 
catchment from 1kg/ha/year to no export. 

 
Secondly, in the Harvey catchment, meeting the required load and concentration reduction target 
will need: 

• Implementation of soil remediation techniques such as Alkaloam or other phosphorus 
binding material. This is one of the keys to control load and concentration without too 
many impact in term of lifestyle on the catchment 

• Reafforestation of part of the catchment from 10 to 30%. 
• Reduction of fertiliser use and change of fertiliser type as proposed for the Serpentine. 

 
The ultimate scenarios will be drawn from the combination of one or several BMPs on each of the 
reporting catchment independently of each other. One has to realise that this number of 
realisation is quite substantial and that the solution is not unique and it needs to take into account 
the aspirations of the people living on the catchment as well as economical, social and predictive 
dimensions. 
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