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The introduction of clearing controls, and extensive areas of tree plantations have clearly checked the rise
of salinity of the Warren River but much more intervention by land use changes or engineering works will
be required in order to meet the target salinity (Fig. 17). Some interventions are described in this section.
If no additional work is done after 2003 it is predicted that salinity levels of the Warren River at the Barker
Road Crossing gauging station will stabilise at 805 mg/L TDS. 

Salinity trend analysis quantifies existing changes in salinity related to current land use and modelling
quantifies the changes in flow and salinity expected after proposed salinity mitigation works. Together
they were used to describe river salinity over the period of land clearing controls of 1978, the
establishment of plantations during the 1990s and projected salinity mitigation works (Fig. 17). 

Trend analysis revealed that established plantations combined with the decreased average annual rainfall
in the Perup River and Tone River subcatchments have already had a positive impact on water quality at
the Barker Road Crossing gauging station. The stream salinity at mean flow at the Perup River gauging
station has been decreasing and, although stream salinities at both the Barker Road Crossing and the Tone
River gauging stations are still rising, they are rising more slowly. If the clearing controls had not
been introduced and all private land had been cleared, average annual salinity may have risen to
1500–1550 mg/L TDS (Fig. 17). If plantations had not been established during the 1990s the salinity of
the Warren River may have risen to just over 950 mg/L TDS. 

A range of management options were selected for modelling (Table 3) and the results indicate the scale of
interventions still required to achieve the target.  This study was initiated in 2001, so the ‘current’ land use
was captured in the year 2000. Under current land use, salinity of the Warren River is still rising but more
slowly than before and is expected to reach a mean of 870 mg/L TDS. All management options are
compared to the current or ‘Base’ case.

The three conceptual options are predicted to achieve the target 500 mg/L TDS (the numbers in brackets
are salinities at steady state):

• Planting 70% of the existing pastured area with non-commercial trees (about 415 mg/L TDS)

• Groundwater pumping (22 kL/day/bore from 1625 bores) (about 500 mg/L TDS)

• Full diversion of saline water from the Tone River (about 380 mg/L TDS)

Sections 5.2 and 5.3 discuss the results. Appendix 5 (Tables A5.10–A5.32) shows the results by
management units. 

Unless stated otherwise, the following results apply at the Barker Road Crossing gauging station.
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Figure 17. Warren River salinity
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Table 3. Summary of analysis of management options

At Barker Road Crossing gauging station
Management Comments Pastured land Salinity Streamflow Salt load
option replaced*

(%) (mg/L TDS) (GL) (kt)

‘Base’ 0 870 240 210

Commercial trees** Sited by land capability

Bluegums Bluegums 3% 3 855 240 205

Bluegums & sawlogs Bluegums 3% & sawlogs 9% 12 805 235 190

Bluegums, sawlogs Bluegums 3% & sawlogs 9% 20 750 230 175

& pines & pines 8%

Non-commercial Not sited by land capability 70 415 210 85

trees On waterlogged land 26 940 215 205

Perennial pastures**+

Deep-rooted Sited by land capability 20 795–820 230–235 185–190

Shallow-rooted Sited by land capability 46 750–820 220–225 165–185

Shallow-rooted Using same land as deep- 20 820–850 230–235 190–200

rooted pastures 

Shallow-rooted Using land not suitable for 26 805–845 230–235 185–195

deep-rooted pastures

Perennial grasses On waterlogged land 26 895–940 200–225 205–210

Combinations Commercial trees & shallow- 46 675 220 150

rooted perennial pastures

Shallow-and deep-rooted 46 720–790 220–225 155–180

perennial pastures 

Drains 0.5 m deep @150 m spacing 875 240 210

1.0 m deep @ 150 m spacing 875 240 210

Volume 
(GL)

Groundwater 22 kL/day/bore from 1625 bores 13 500 230 115

pumping

Diversion of  saline Pipehead dam (20%) 3.98 775 235 185

water Pipehead dam (30%) 6.16 725 235 170

Full diversion 31.3 380 205 80

* Pastured land (768 km2) replaced by alternative crops (calculated for the upper catchment)
** Land capability maps used to site plantations and perennial pastures
+ Results given as a range because of uncertainties of LAI for perennial pastures
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5.1   ‘Base’ case
The ‘Base’ case (Section 4.2.3 & Fig. 16) represents the predicted salinity, streamflow and salt load in the
Warren River under the land use conditions in 2000 (including plantations of 72 km2 of which half were
not fully established) but without the additional 102 km2 of plantations planted between the years 2000 and
2003 (totalling to 178 km2, Table A2.5). The commercial trees (bluegums and sawlogs) case, which was
the closest modelled scenario that matched the land use in 2003 predicted a salinity of 805 mg/L TDS and
had an extra 92 km2 of plantations (Table A5.11).

All modelled management options are compared with the ‘Base’ case: stream salinity 870 mg/L TDS
(Table 3; Appendix 5, Table A5.9) with an annual streamflow of 240 GL and a salt load of 210 kt. 

5.2   Revegetation options
Five revegetation categories were modelled: 1) commercial trees 2) non-commercial trees 3) perennial
pastures, 4) perennial grasses and 5) combinations of trees and shallow-rooted perennial pastures.

The climatic, landscape and soil requirements for commercial trees and perennial pastures were appraised
and suitable areas identified and incorporated into the catchment model. Figures 18–21 show these
suitable areas of existing pastured areas as ‘land capability’ maps. The process for producing these maps
is described in Appendix 5.

5.2.1 Commercial trees

Replanting suitable existing pastured land with commercial tree plantations will not achieve the target
(Table 3; Appendix 5, Tables A5.10–A5.12).

If 3% of the pastured area is replaced with bluegum (Eucalyptus globulus) plantations, the annual
streamflow remains at 240 GL, and salt load decreases from 210 to 205 kt (Table 3) with salinity 870–855
mg/L TDS. 

If an additional 9% of the pasture area is replanted with bluegum and sawlog (E. cladocalyx, E. saligna or
Corymbia maculata) plantations (Fig. 18) the results are salinity of about 805 mg/L TDS, and streamflow
and salt load respectively 235 GL and 190 kt.

Pine trees (Pinus pinaster) can be planted on land suitable for bluegums and sawlogs but also on deep
sandy soils unsuitable for the hardwood species (Fig. 19). Planting 20%, or 15 700 of 76 800 ha, of the
pastures with a mix of bluegums, sawlogs and pines results in salinity of about 750 mg/L TDS, annual
streamflow and salt load of 230 GL and 175 kt respectively.

The areas in the Mobrup and Chowerup MUs considered suitable for commercial tree plantations may be
too conservative as plantations are being established on land rated in this study as unsuitable or of low
suitability. Further site investigations may show that more land is actually suitable for commercial tree
plantations than was selected in this study. 

5.2.2 Non-commercial trees

Planting 70% of the pastured land with non-commercial trees is the most effective revegetation
management scenario: salinity falls to 415 mg/L TDS and annual streamflow and salt load are 210 GL and
85 kt respectively (Table 3).

Non-commercial trees include exotic and native species grown in waterlogged areas or in areas not
suitable for commercial tree plantations.  They were assumed to include species that tolerate waterlogging
and use water of any quality.
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Non-commercial trees planted on waterlogged land (26% of the pastured land) (Fig. 21) should decrease
the salt load by about 5 kt (from 210 to 205 kt) but, combined with 25 GL decrease in streamflow, would
result in the stream salinity rising to 940 mg/L TDS (Table 3; Appendix 5, Table A5.13). 

5.2.3 Deep-rooted and shallow-rooted perennial pastures

None of the perennial pastures scenarios reduced salinity to anywhere near 500 mg/L TDS (Table 3).

Perennial pastures and crop species use more water than annual pastures and so have the potential to
reduce recharge to groundwater (Latta et al. 2001; Ward et al. 2001; McDowall et al. 2003; Sanford et al.
2003). There has been research and development work to incorporate them into Western Australian
dryland farming systems. 

Perennial pastures are classified as either deep rooted (e.g. Lucerne (Medicago sativa)) or shallow rooted
(e.g. Cocksfoot (Dactylis glomerata)). Deep-rooted species may obtain water from a depth of more than
1.5 m, while shallow-rooted species may only draw water from between 0.5 and 1.50 m. Deep-rooted
pastures are restricted to land similar to that used for commercial trees (Fig. 19), whereas shallow-rooted
perennials are suited to a wider range of locations (Fig. 20).

The simulations used the same LAI throughout the year (the LAI of annual pastures is changed monthly
to represent the variations in water use during the growing season). Perennial pastures  were assumed to
be dormant (not dead) in summer when there is insufficient soil moisture, and to re-establish transpiration
once enough soil water is available. The results are given as a salinity range as there has not been enough
experimental work to estimate LAI values for lucerne, especially when it is cultivated under a system of
rotational grazing.

Deep-rooted perennial pastures are a little more effective than shallow-rooted pastures in reducing salinity
(Table 3; Appendix 5, Tables A5.14–A5.23). Planting lucerne on 20% of the suitable land reduces annual
streamflow to 230–235 GL, annual salt load to between 185 and 190 kt and salinity to 795–820 mg/L TDS.

A combination of deep- and shallow-rooted perennial pastures on 46% of the cleared land gives the best
results: salinity between 720–790 mg/L TDS, annual streamflow 220–225 GL and salt load 155–180 kt
annually.

5.2.4 Perennial grasses on waterlogged land

Planting perennial grasses on waterlogged land (26% of the existing pastures) (Fig. 21) will raise salinity.

Streamflow is 200–225 GL (up to 40 GL less than the ‘Base’ case), salt load is 205–210 kt but the stream
salinity is predicted to be 895–940 mg/L TDS (Table 3; Appendix 5, Tables A5.24–A5.26), which is higher
than in the ‘Base’ case. 

5.2.5 Combinations — commercial trees and shallow-rooted perennial pastures

If 46% of the existing pastures is replaced with a combination of commercial trees (20%) and shallow-
rooted perennial pastures (26%), the predicted salinity is 675 mg/L TDS, streamflow 220 GL and salt load
150 kt (Table 3).
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5.3   Engineering options 
Engineering works modelled were groundwater pumping, shallow drains and the diversion of saline water
(Appendix 5, Tables A5.27–A5.32). Section 5.3.3 discusses why deep drains were not modelled.

5.3.1 Groundwater pumping

Saline groundwater pumped at the rate of 22 kL/day/bore (total of 13 GL from 1625 bores) results in an
annual salt load of 115 kt, and salinity of 500 mg/L TDS (Table 3; Appendix 5, Table A5.27).

Pumping extracts groundwater and the salt it contains from the weathered and fractured bedrock aquifer
before the groundwater discharges onto the surface or into watercourses and, if transported out of the
catchment, prevents the salt entering the streamflow.

Some comments on these results:

• The pumps were assumed to collect 50% of the groundwater discharged and decrease streamflow by
the volume of pumped groundwater.

• Pumping the large volumes of relatively low salinity groundwater (about 4000 mg/L TDS in the areas
of thick Cainozoic sediments in the Mobrup, Tonebridge, and Unicup MUs) was not considered to be
useful as this would reduce streamflow more than it reduced salinity and would only have a minimal
effect on the final stream salinity at the Barker Road Crossing.

• Pumping groundwater from a large discharge area introduces practical problems in locating and
maintaining many bores in a simple network connected by collector pipes (Fig. 22; Appendix 5, Table
A5.5). 

• Additional pumping would be necessary to transport the groundwater out of the catchment. The water
in the collector network in the Tone River subcatchment would almost flow by gravity once the
groundwater was pumped to the surface. Disposal to the south-eastern side of the catchment would need
a small boost in pressure to clear the catchment divide. Water from the lowest bores in the Perup River
subcatchment would need to be lifted about 100 m (usually in stages) to clear the catchment if
discharged northward.

5.3.2 Shallow drains

Neither of the two scenarios (drains 0.5 m deep and 150 m apart; and 1 m deep and 150 m apart) improved
salinity. Both result in stream salinity (875 mg/L TDS) similar to the ‘Base’ case scenario (Table 3;
Appendix 5, Tables A5.28 & A5.29).

Shallow drains are designed to allow both surface water and water moving through the soil layer to be
removed from or diverted around poorly drained areas to reduce waterlogging and improve agricultural
productivity. Shallow drains are sometimes constructed on hillsides (as ‘grade banks’) to reduce recharge
in downslope areas.

Shallow drains are quite acceptable, if desired, for farm management because they will not increase stream
salinity and will improve agricultural productivity in areas subject to waterlogging.
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5.3.3 Deep drains

Deep drains were not modelled, as their effect is similar to that of groundwater pumping.

Deep drains, constructed within discharge areas, intercept saline groundwater and move it to receiving
waterbodies. In favourable sites, the drains improve nearby agricultural productivity by removing the
saline groundwater before it reaches and contaminates near-surface soils. 

Deep drains may be closed or open. Closed drains collect only groundwater but open drains also collect
local runoff. Larger and more variable water flow rates must be handled when dealing with disposal of
water from open drains than when disposing of groundwater from pumping schemes. 

Saline groundwater collected by deep drains and not discharged downstream contributes to improving
stream salinity. If there are suitable methods to dispose of the drain water without going into the Warren
River this option should be compared with the groundwater pumping option, which also withdraws
groundwater before it reaches surface. 

If the outflow from the end of the deep open drain is not diverted into an isolated receiving body, the total
salt load delivered into the streams will not be reduced. While the annual salt load is the same, its seasonal
distribution may be altered with environmental implications for downstream areas. 

5.3.4 Diversion of saline water

Full diversion of the Tone River water would reduce the salinity to 380 m/L TDS (Table 3; Appendix 5,
Tables A5.31 & A5.32). Diversion of 20% of the salt load (from the Tone River) using a pipehead dam
would give an annual salinity of 775 mg/L TDS (Table 3; Appendix 5, Table A5.30) while diversion of
30% of the salt load would reduce stream salinity even further to 725 mg/L TDS. 

Diversion of saline river water was originally addressed in the late 1970s by the Public Works Department
(Public Works Department 1980). This study investigated the diversion of all or part of the Tone River
streamflow and construction of a large dam on the Tone River, at the damsite recommended in the report
by the PWD in 1980. 

Extensive site works would be needed for a dam with a wall height of about 36 m (Appendix 5,
Table A5.6). The dam would require the relocation of the Mordalup Road Crossing and would affect
several roads. Complete filling of the reservoir would inundate about 1000 ha of mainly forested land
along with some cleared land on the eastern side of the river.

The original proposed disposal site was the Frankland River (Public Works Department 1980). To continue
with such a plan, the impacts of the saline water on existing water quality, ecosystems, and on flow within
the Frankland River would need to be investigated. 

Gravity channels, pumping station networks and pipelines were among options proposed for disposing of
water into the Frankland River (Public Works Department 1980). The PWD study highlighted the need for
caution when transporting water in channels due to the maze of lake systems in the area and the impacts
of possible channel leaching. 
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The salinity of the Warren River at the Barker Road Crossing gauging station is currently an average
895 mg/L TDS — still significantly above the target salinity of 500 mg/L. If no additional work is done,
salinity will level out about 805 mg/L TDS.

The current salinity situation statement for the Warren River is: 

• The average annual flow-weighted salinity (1990–2001) is 895 mg/L TDS with a range
560–1270 mg/L.

• The average annual salinity in the Perup River peaked in the 1990s. The average annual salinity is still
rising at 51 mg/L TDS through the Tone River gauging station and at 7 mg/L TDS through the Barker
Road Crossing gauging station. These rates have slowed since 1992 and the changes are attributed to
land use changes such as extensive tree planting in the Perup River subcatchment. Some tree planting
has occurred in the west of the Tone River subcatchment but it has not been of sufficient scale to reverse
the salinity trend at this point. 

• Approximately 18% of the upper catchment is at risk of developing a shallow watertable (within 2 m
of surface). 

• The stream salinity of the Warren River is starting to level off.

Some results of the range of management options modelled to assess their effectiveness in reducing
salinity are:

• Three of the options could achieve the water quality target: replanting 70% of the current pastured land
with non-commercial trees (415 mg/L TDS); pumping 13 GL groundwater from the weathered and
fractured bedrock aquifer (500 mg/L TDS), and diverting all the water (31.3 GL) from the Tone River
into a nearby river outside the Warren River catchment (380 mg/L TDS). 

• Plantations of commercial trees (eucalypts for pulp, or hardwood sawlogs and pines) on the 20% of the
pastured land rated suitable by land capability mapping lowers the salinity to about 750 mg/L TDS. This
area may be conservative as plantations are being established on land rated by the land capability
mapping as either unsuitable or of low suitability.

• Perennial pastures (both deep and shallow rooted) planted on 46% of the pastured land lower salinity
to 720–790 mg/L TDS. Modelling used assumptions on the water use and rooting depths of perennial
pastures. Not enough is known to determine LAI for deep-rooted pastures: especially since lucerne
pastures can be managed under a variety of farming systems such as rotational grazing.

• A combination of commercial trees and shallow-rooted perennial pastures planted on 46% of the
pastured land lowers salinity to about 675 mg/L TDS.

• Shallow drains will not reduce salinity. 

• Pumping groundwater (13 GL a year from 1625 bores) from the Tone and Perup subcatchments reduces
salinity to 500 mg/L TDS.

• Diversion of 20–100% of the saline water from the Tone River reduces salinity to a range of 380–775
mg/L TDS. 
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Management options

• Communicate results to all major stakeholders so that they can have input into any subsequent or on-
going work.

• Assess the social, economic and environmental costs and the benefits of all management options. 

• Use an additional ‘dynamic’ model to ensure accurate predictions of the effects of management
options.

• Investigate the effectiveness of deep-rooted and shallow-rooted perennial pastures in reducing recharge
to groundwater and reducing salinity. Investigate the average rooting depths of perennial plants in a
range of soils. 

• Investigate the accuracy and usefulness of land capability mapping at farm scale. Regional-scale
information was used to identify areas suitable for planting commercial trees and deep-rooted perennial
pastures but this mapping that may be unnecessarily restrictive.

• Ascertain the sustainability of current commercial timber plantations on land assessed by this study’s
land capability mapping as having low suitability for this purpose. 

• Determine the average rooting depth across different soil types for a range of perennial pasture plants.

• Review groundwater pumping results of existing trials (such as Maxon Farm) and proposed
demonstrations sites of the WA Engineering Evaluation Initiative, and identify the potential of this
option for the upper catchment.

• Review and identify farming systems able to combine elements of the different land use options.

• Evaluate water management options to attain the potable target for critical parts of the years by
pumping during high flow periods. 

Monitoring and evaluation

• Keep monitoring streamflow and salinity at the mainstream gauging stations to calculate whether recent
trends (1992–97) continue and, in particular, if the downward salinity trend in the Perup River
continues when harvesting of existing commercial timber plantations begins.

• Maintain monitoring of groundwater levels but review the frequency of measurement. The frequency
needs to be at intervals appropriate to discern trends, particularly in those areas where groundwater has
been rising. 

• Develop Leaf Area Index (LAI) estimates for deep-rooted and shallow-rooted perennial pasture plants
to confirm modelling assumptions, especially under different farming practices.
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AQWABase The Water and Rivers Commission’s groundwater point source database for Western 
Australia, now incorporated in the WIN database

Aquifer A geological formation or group of formations able to receive, store and transmit 
significant quantities of water

Evaporation The vaporisation of water from a free-water surface above or below ground level, 
normally measured in millimetres

Evapotranspiration A collective term for evaporation and transpiration

Gigalitre (GL) 1 000 000 000 litres, 1 million cubic metres or 220 million gallons

Greenness The percentage of a pixel in a Landsat TM image that has sunlit green leaves

Groundwater level An imaginary surface representing the total head of groundwater and defined by the 
level to which water will rise in a piezometer

Hectare (ha) 10 000 square metres or 2.47 acres 100 ha = 1 square kilometre

Kilolitre (kL) 1000 litres, 1 cubic metre or 220 (approx.) gallons

LAI Leaf Area Index, defined as a ratio of single-sided area of leaves to the area of land 
occupied by the plants, and used as a surrogate measure of water use

m AHD Australian Height Datum. Height in metres above Mean Sea Level +0.026 m at 
Fremantle

Management unit (MU) Land areas defined by the local community predominantly based on surface water 
drainage with some variations to account for social boundaries

Recharge The downwards movement of water that is added to the groundwater system

Regolith Geological material from fresh rock to the ground surface and in the upper
catchment includes weathered bedrock, sediments and soil

Salinity (specific) The concentration of total dissolved salts in water

Salinity (general) Term applied to the effects on land and in water of the build up of salt in the surface as
a result of rising groundwater 

TDS (mg/L) Total dissolved salts expressed as milligrams per litre

TSS (mg/L) Total soluble salts expressed as milligrams per litre

Transpiration Process by which water vapour is lost from the stomata (pores) of leaves

Upper Warren River Includes the gauged subcatchments of Tone River, Perup River, Wheatley Farm and 
catchment Unicup Lake area

Warren River catchment The area above the Barker Road Crossing gauging station with 5 gauged 
subcatchments: Tone River, Perup River, Wilgarup River, Wheatley Farm, and Barker
Road. It also includes the Unicup Lake area

Warren River Water The Warren River catchment excluding the Unicup Lake area, which is a 
Resource Recovery Biodiversity Recovery catchment
Catchment

WIN Department of Environment’s Water Information database
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