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SALINITY MANAGEMENT

◆

Targeting reforestation
for salinity management

Anna Heaney, Stephen Beare and Rosalyn Bell

Targeted reforestation is likely to be
a more cost effective strategy to

manage salinity than broad scale
land use change.

◆
The hydrological characteristics 
of a region affect the costs and

benefits of salinity management
strategies.

◆
Reforestation targeted to 

landscapes with faster responding
aquifers and porous soils are more

likely to generate net salinity
benefits.

◆
The distribution of favorable

hydrological characteristics in the
landscape will ultimately determine

whether revegetation is a cost
effective salinity management tool.
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Land clearing in the Murray Darling Basin
of Australia facilitated the development of
agriculture. Clearing of native vegetation
increased the carrying capacity of pasture
and allowed both winter and summer crop-
ping. Clearing of trees in the higher rainfall
areas increased the level of surface water
runoff and the volume of water available for
irrigation and other uses.

However, land clearing has also imposed
costs. Clearing has led to higher levels of
percolation or recharge into ground water
systems and, as a result, rising water tables.
This has resulted in increased discharge of
salt into streams and soil. Higher stream
salinity and dryland salinity reduce the
productive capacity of agricultural resources
and can adversely affect infrastructure such
as roads and rural services that support agri-
culture. Increased salinity can also have
other adverse environmental impacts.

Revegetation is an effective option for
addressing the problems of salinisation
where the benefits less the costs of revege-
tation are greater than the benefits of main-
taining current land and water use in
agriculture. Revegetation is an investment,
imposing today the costs of establishment
and forgone agricultural production for the
benefits of reduced salinisation in the future.
Furthermore, while the costs of revegetation
are reasonably certain, the benefits are not
as the processes that generate stream and
land salinisation are not well quantified.
Nevertheless, the driving physical, economic
and agronomic principles are well estab-
lished and can be used to identify the condi-
tions that are more likely to lead to net
benefits from revegetation options such as
reforestation.

A simulation model integrating the rela-
tionships between land use, vegetation
cover, surface and ground water hydrology
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and agricultural returns was developed at
ABARE, in cooperation with the Common-
wealth Scientific and Industrial Research
Organisation (CSIRO) in a partnership
project with the Murray Darling Basin
Commission, to evaluate salinity manage-
ment options in the Murray Darling Basin.
The model, described in detail in Bell and
Heaney (2000), has been designed to com-
pare alternative scenarios. Specifically, the
model is used to compare the costs imposed
by salinity under a nonintervention or base-
line scenario with a specific land use inter-
vention such as the introduction of sub-
commercial forestry or the adoption of
different agronomic practices.

In the analysis presented here, the model
was used to estimate the benefits and costs
of reforestation as a tool for salinity man-
agement under a range of hydrological
conditions in the Macquarie–Bogan
catchment located in New South
Wales. Net benefits to agriculture
from reforestation can be consid-
ered with other costs and
benefits, such as infra-
structure costs or carbon
sequestration, to deter-
mine an overall return to
reforestation.

Tradeoffs and the
hydrological cycle
The interactions between precipitation,
vegetation cover, surface water flows and
ground water processes are complex. They
have the potential to generate a wide range
of tradeoffs when attempts are made to
manage the problems of stream and dryland
salinity through land use change. These
tradeoffs are affected by the types of produc-
tive activity that can be undertaken, the
response of the environment to changes in
salinity and the hydrological system itself.

There are a number of variables that
determine ground water flows, surface
water yields and the mobilisation of salt
within, and from, a catchment area. These
variables include:
• precipitation,
• rates of evaporation and transpiration,
• ground water response times,
• soil types,

• ground water salinity and
• the morphology of the catchment.

Precipitation is either returned to the
atmosphere as evapotranspiration from the
vegetation cover, flows over land into sur-
face water bodies or enters the ground water
system. On average, evaporation and tran-
spiration increase with higher levels of
precipitation. However, for any given in-
crease in precipitation, evapotranspiration
will not increase by the same amount; hence,
the proportion of precipitation that will
either flow over land or into the ground
water system (ground water recharge) in-
creases with precipitation.

Furthermore, the influence of vegetation
cover on transpiration increases with higher
precipitation (Zhang, Dawes and Walker
1999). In low rainfall areas (under 500

millimetres a year), different vegetation
covers transpire about the same volume

of water. In a high rainfall area, trees
and other deep rooted plants tran-

spire a substantially larger vol-
ume of water when compared

with shallow rooted grasses.
Hence, the impact of
changing vegetation cover

on surface water yields and
ground water recharge in-

creases with the level of precipi-
tation.
The volume of precipitation that is

not returned to the atmosphere through
evapotranspiration will either flow over-

land or recharge the ground water. The frac-
tion of this excess water that enters the
ground water system depends on the rate of
infiltration, the rate at which water can pene-
trate the soil surface, and percolation
through the soil profile. The rate of pene-
tration depends on several factors including
the slope or gradient of the land, size and
structure of the soil and the level of soil
moisture. On more steeply sloped land there
tends to be fewer and smaller local depres-
sions to store water that can then infiltrate
the soil. Clay soils have finer soil particles
creating smaller gaps through which water
can enter and move through the soil profile.
Sandy and less compacted soils have larger
gaps allowing water to enter and move
through the soil profile more easily than in
heavier soils.

◆

Managing 
stream and

dryland salinity
involves 
tradeoffs

◆
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Changing vegetation cover to increase the
level of transpiration reduces both surface
water yields and ground water recharge.
The distribution of these losses depends on
soil type and catchment topography. Losses
of surface water yields will be greatest on
sloped terrain with high clay content soils.
The reduction in ground water recharge will
be greatest on flat terrain with sandy soils.

The equilibrium response time of a
ground water flow system is the time it takes
for a change in the rate of recharge to be
fully reflected in a change in the rate of dis-
charge. This also depends on the slope of the
land and the permeability of the soil and
deeper substrates. The equilibrium response
time does not reflect the actual flow of water
through the ground water system but the
transmission of water pressure. The
response rate increases as the slope of the
land increases because of the increase in
hydrological pressure. The more
permeable the soil and deeper the
substrates the less the resistance
or friction, resulting in a faster
response rate. The greater
the lateral distance the
water flows, the slower
the response rate. 

A catchment can contain a
number of component flow
systems. In a regional flow system,
hydraulic gradients can be very flat,
and a long period of time is required for
the system to come to equilibrium. The im-
pact of changes in vegetation cover on
discharge may not be seen for several
hundred years. In some cases, discharge
from the deeper ground water system may
be outside the boundaries of a catchment.

Generally, the upper reaches of the catch-
ment are more steeply sloped and these
areas are characterised by local flow
systems. In these local systems, ground
water pressure pulses move through the
aquifer rapidly and the delay between a
change in the rate of recharge and the
volume of discharge from the aquifer may
be relatively fast. For example, replanting
native vegetation on cleared land may fully
restore the balance between recharge and
discharge within 100 to 200 years. The
higher relief usually results in discharge
from a local system directly into incised

streams and is referred to as base flow. When
the capacity for ground water to discharge
into streams is exceeded, ground water is
discharged to the land surface causing
dryland salinisation and salt can be washed
into streams. Saline ground water discharged
into the top two metres of the soil profile can
affect agricultural productivity and damage
infrastructure. 

Discharge from both base flow and
surface washoff may contain relatively high
salt loads that will increase salinity in down-
stream areas of the catchment. Other things
being equal, the benefits from revegetation
may be greater where there are existing or
emerging high water tables generating salt
wash, as revegetation can reduce saline
discharge into surface water flows and miti-
gate the loss of productive land and other

adverse impacts of dryland salinisation.
However, as local flow systems in a
catchment are not linked by a contin-

uous aquifer, the water table of
downstream areas is unaffected

by changes in the upstream
flow systems. Hence, re-

vegetation of a local flow
system will not be an

effective instrument to
manage high water tables in

lower reaches of the catchment.
Addressing the problem of dry-

land salinity generally requires changes
to the local landscape within the flow

system in which water tables are rising.
The hydrological characteristics of the

flow system determine the tradeoffs associ-
ated with changing land use to reduce
recharge. For example, the timing and extent
of the salinity benefits from reduced
recharge need to be weighed against any
possible reduction in surface water yield.
The reduction in surface water yield arising
from large scale afforestation is relatively
immediate. In a slow responding aquifer, the
reduction in saline discharge may not offset
the costs to water users from the reduced
availability of surface water, even in the
longer term.

Furthermore, the combination of a rela-
tively quick reduction in surface water
yields with a slow reduction in salt loads
means there may be a short term increase in
stream salt concentrations. That is, there is

◆

Restoring 
the hydrological 
balance can take

many years

◆
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less fresh water to dilute the total salt load.
A judgment must be made on whether the
longer term environmental benefits from
reduced salt loads are greater than the
potential costs of increased salt concentra-
tion in the short term.

Macquarie–Bogan
catchment
The Macquarie–Bogan catchment covers an
area of 7.4 million hectares, with about three-
quarters of that area currently used for agri-
culture. Native vegetation in the Macquarie–
Bogan has been cleared for grazing, agri-
culture and mining. The major land uses in
each subcatchment are shown in map 1 and
include the grape growing regions around
Mudgee, irrigated and broadacre grazing
farms south east of Dubbo, and irrigated
dairying around Dubbo. Cotton farms are
mainly north west of Narromine.

Rainfall in the Macquarie–Bogan catch-
ment decreases from east to west and from
south to north with the highest average rain-
fall, greater than 600 millimetres a year, in
the upper end of the catchment, declining to
around 400 millimetres in the western slopes
of the catchment and on the alluvial plains
in the north west.

The Macquarie–Bogan has been divided
into four subcatchment areas based on the
characteristics of the ground water flow
systems (map 1). Two subcatchments char-
acterised by local flow ground water sys-
tems have been identified. The first is the
local flow system above Burrendong Dam
near Wellington, referred to as the ‘upper
local’ subcatchment. The second is the
‘lower local’ subcatchment located down-
stream of Burrendong Dam. The western
slopes and the alluvial plains are charac-
terised by intermediate and regional flow
systems, respectively. 
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With no intervention to address salinity,
there is expected to be an increase in the area
of high water tables in the Macquarie–Bogan
catchment to a total of 186 000 hectares in
2100. The problem of high water tables is,
however, expected to be largely restricted to
the ‘lower local’ subcatchment. In response
to the increase in stream salinity, a gradual
switch out of irrigated activities into dryland
production is expected.

Using a discount rate of 7 per cent, the
cost of dryland and stream salinity to agri-
cultural production in the Macquarie–Bogan
catchment is estimated to be around $107
million, in net present value (NPV) terms,
over the 100 year period. By comparison, the
annual net value of agricultural production
in the Macquarie–Bogan catchment is esti-
mated to be around $365 million.

Large scale reforestation
in the catchment
As a comparison to the baseline
described above, an alterna-
tive simulation was con-
ducted in which there is
large scale land use
change from dryland broad-
acre agriculture to plantation
forestry. This land use change
was limited to areas where it is both
physically and economically viable to
establish plantation forestry as dictated
by factors such as rainfall and transport
costs. While plantation forestry may be
economically viable in its own right, it may
not be sufficiently profitable to out compete
existing agricultural land uses.

An estimated 417 000 hectares in the
upper local subcatchment of the Macquarie–
Bogan catchment are suitable for plantation
forestry in a thirty year rotation. This area
represents around 36 per cent of the land
suitable for agriculture in that subcatchment.
It is important to note that the area suitable
for forestry, based on physical and economic
factors, does not overlap with the area most
at risk of dryland salinisation. 

A substantial delay in the response of
ground water discharge to reforestation is 
a result of the aquifer response characteris-
tics and the time taken to fully establish a
sustainable plantation rotation. Notwith-

standing this, the reduction in the rate of
ground water recharge leads to a 14 per cent,
or 30 000 tonne, reduction in the volume of
salt flowing out of the catchment in 2100.
However, the net effect of reduced salt loads
and lower catchment surface water yield is
an increase in salt concentrations of water
flowing out of the catchment of almost 12
per cent in 2100.

The scenario of widespread establishment
of plantation forestry in the Macquarie–
Bogan catchment reduces revenue from agri-
cultural and forestry land uses in the catch-
ment by around $50 million in net present
value terms over the 100 year period com-
pared with the baseline. This includes a re-
duced return as land is converted from
dryland agriculture to less profitable plan-
tation forestry and the reduced productivity

of irrigated agriculture because of increas-
ingly saline irrigation water supplies. In

addition to this cost, there is likely to
be an additional cost associated

with a reduction in surface
outflows from the catchment

of around 200 gigalitres in
2100. Depending on
water allocation policies

in place at the time, this
could have implications for

water users within the catch-
ment, water users downstream,

environmental flows, or a combina-
tion of these.

Targeted reforestation
Broad scale plantation forestry does not
appear to be a cost effective option for salin-
ity management in the Macquarie– Bogan
catchment, given average levels of ground
water salinity, soil characteristics and aquifer
response times in the catch-ment.

However, within the overall landscape
there are likely to be smaller subsystems
with a wide range of hydrological charac-
teristics. Reforestation targeted to areas with
specific hydrophysical characteristics may
be cost effective. These areas may include
areas of high salinity impact where the
hydrological processes generate more favor-
able tradeoffs. The objective in the analysis
presented in this section is to highlight the
type of landscapes in which a targeted

◆

Broad 
scale forestry

imposes net costs
downstream

◆
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approach to reforestation is most likely to be
more cost effective than broad scale planta-
tion forestry.

In the analysis presented here, a small
subsystem was added to the ABARE model
to represent a hypothetical subcatchment of
25 000 hectares located in the ‘lower local’
flow system shown in map 1. Of this, 18 000
hectares were assumed to be used for
dryland pasture production. Rainfall in the
subcatchment was 485 millimetres a year
and 15 000 hectares was assumed to be suit-
able for subcommercial forestry.

In each simulation, this local flow subsys-
tem was given hydrological profiles with
different aquifer equilibrium response times,
soil types and ground water salinities. A
local flow system was chosen because other
systems, with longer response times, are less
likely to generate feasible reforestation
options. The purpose of the analysis was to
establish the importance of identifying
hydrological characteristics when selecting
areas for targeted reforestation, rather than
to estimate the full range of potential costs
and benefits of reforestation

Two general flow systems were investi-
gated — a baseflow and a land discharge or
wash system. Baseflow systems discharge
ground water directly into streams and there
is no area of dryland salinisation. A land dis-
charge system occurs when the capacity for
ground water flows to discharge into
streams has been reached and ground water
is discharged to the surface of the landscape. 

In the land discharge simulations pre-
sented here, the potential area of the local
subcatchment to be salinised is around 5000
hectares. The extent of salinisation that has
or will occur depends on the response time
of the aquifer and the time when the land
was initially cleared. It was assumed that
agricultural land in the subcatchment had
been cleared for 100 years. In systems with
an equilibrium aquifer response time of less
than 100 years this would mean that most
of the land salinisation had already taken
place.

Salinity benefits from forestry in a base-
flow system are derived from reductions in
the discharge of saline water directly into
streams. To the extent that the reduced salt
loads translate to lower salt concentrations,
this benefits downstream areas of the

catchment. Salinity benefits in land dis-
charge systems are derived from two
sources — improvements in water quality
as described above, and the mitigation of
high water tables. The reduction in high
water tables is restricted to the ground water
flow system where forestry is established
because of the lack of connection between
local ground water flow systems.

In setting up the simulation, the com-
mercial returns from dryland pasture pro-
duction and forestry were not included. This
was to focus the results on the cost of salin-
ity and the benefits of salinity management.
Net benefits are derived when the costs to
agriculture from dryland and instream salin-
ity are lower under forestry than the base-
line scenario. The results of the analysis are
presented as net benefits (NPV) per hectare
of trees planted over a 100 year simulation
period.

Results
Three sets of hydrological profiles were
constructed to explore the importance of
different hydrological parameters. The first
set was used to compare a baseflow and a
land discharge system under different levels
of ground water salinity. In the second set
the impact of different aquifer response
times was explored. Lastly, the costs and
benefits of reforestation on different soil
types was examined. The results are shown
in figure A. 

A comparison of net benefits derived in
a baseflow system and a land discharge
system each with an equilibrium response
time of 50 years on clay-loam soils is shown
in panel (i) of figure A. Net benefits under
both systems were higher as ground water
salinity increased. This is because the costs
avoided by establishing forestry, when
compared with the baseline, are higher at
higher ground water concentrations. The
difference between the two net benefit
curves reflects the fact that in a baseflow
system all the salinity benefits and costs
associated with reforestation are realised
downstream in terms of changed surface
water yields and salt concentrations. In a
land discharge system, there are additional
local benefits of mitigating the loss of pro-
ductivity from dryland salinity. However, as
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ground water salinities increase, the bene-
fits from reducing instream salinity are
dominant.

The net benefits from reforestation in a
land discharge system with clay-loam soils
in flow systems with different response
times are shown in panel (ii) of figure A. The
area of dryland salinisation in the subcatch-
ment was reduced to zero under reforesta-
tion in each of the scenarios shown in panel
(ii). The land use change of the scale simu-
lated leaves similar end of valley salt loads
and surface water salt concentration after
the systems reached equilibrium. It is the
timing of the reduction in area salinised that
is the main determinant of the benefit
profile. In aquifers with longer response
times, there are no salinity benefits from the
reduction in recharge until several decades
after the land use change. In contrast, the
costs associated with reforestation such as
reduced surface water yields and possibly a
short term increase in stream salt concen-
tration are often more immediate. In aquifers
with shorter response times, benefits are
derived much sooner and are therefore more
likely to offset the costs.

At a ground water salinity of 10 000
milligrams a litre, reforestation of a flow
system with a twenty year equilibrium
response time generates net benefits of
around $450 a hectare (NPV) compared with
around $140 a hectare (NPV) in a flow
system with a fifty year response time. Re-
forestation in a flow system that takes a
hundred years to equilibrate does not gener-
ate net benefits until the ground water salin-
ity exceeds 10 000 milligrams a litre.

The final set of hydrological profiles
focused on net benefits under forestry for
three different soil types in a land discharge
system with an equilibrium response time
of 100 years are shown in panel (iii) of figure
A. Recharge rates are lowest in heavy clay
soils and highest in loam soils. Correspond-
ingly, runoff rates are highest for heavy clays
and lower for loam soils. The reduction in
recharge under forestry in loam soils re-
duced the area of high water tables to zero
within 50 years of establishment. In com-
parison with the heavier soils, the reduction
in saline discharge to streams was larger 
and the loss of surface water yields was
smaller, and generated a reduction in salinity

A Net benefits
from reforestation
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concentration more quickly. The salinity
benefits associated with the reduction in area
salinised and improved water quality out-
weighed the costs imposed on agriculture at
ground water salinities above 2500 milli-
grams a litre. While the costs of salinity
increased at higher ground water salt con-
centrations, the benefits of mitigating dry-
land salinity far outweighed these costs,
resulting in net benefits of almost $90 (NPV)
a hectare planted to forestry when the con-
centration reached 10 000 milligrams a litre.

In heavy clay soils, the area of high water
tables was reduced by only 17 per cent fifty
years after the land use change, and by 48
per cent after 100 years. Furthermore, the
reduction in saline stream discharge was
smaller and the loss of surface water flows
was greater than for loam soils. Downstream
salinity concentrations remained higher
under reforestation for an extended period
of time. As a consequence, revegetation on
heavier soils types generated net costs even
at high ground water salinities.

Concluding remarks
Broad scale reforestation as a tool for manag-
ing salinity may impose significant costs on
agriculture and rural economies more gener-
ally. These costs are incurred as a result of
reduced surface water yield and increased
salt concentration of surface water flows in
the near term. The potential for undesirable
outcomes is increased by the fact that
forestry is most viable in areas of higher
rainfall that tend to be dominated by local
flow systems. The lack of ground water con-
nectivity between the areas most likely to be
forested and the areas of risk of dryland
salinity mean that the benefits of mitigating
dryland salinity may be a negligible compo-
nent of the overall set of salinity benefits. 

A targeted approach to reforestation,
however, has the potential to be a more cost
effective instrument for managing dryland
and instream salinity. The results presented
in this article highlight the hydrological
characteristics that drive the benefit profile.
Reforestation targeted to regions that have
fast responding aquifers and more porous
soils are more likely to produce net benefits.

Other things being equal, reforestation of
land discharge systems is more likely to
generate net benefits than baseflow systems.
These findings are based on the agroeco-
nomic characteristics of flow systems in the
Macquarie–Bogan catchment. Other catch-
ments are likely to have different productive
(and nonproductive) assets that may affect
the benefit–cost profile of salinity mitigation
through reforestation. It should also be
noted that this analysis does not include the
difference between forestry and agricultural
returns nor any potential benefits from
carbon sequestration or other environmen-
tal impacts.

It can be broadly established that partic-
ular combinations of hydrological charac-
teristics can lead to net benefits from
revegetation and other land management
changes. However, it is the distribution of
these characteristics in the landscape that
will ultimately determine whether revege-
tation can be pursued as a cost effective
option at a suitable scale to manage salinity.
The areas where revegetation is cost effec-
tive may be small and dispersed widely
through the landscape.

Further, while the distribution of rainfall,
topography and to a lesser extent soil types
is relatively well documented, understand-
ing of local ground water systems is not as
sound. Better information on aquifer re-
sponse times, ground water recharge rates
and the identification of areas at risk of salin-
isation will enable the implementation of
more cost effective tools for salinity manage-
ment and would seem a high priority for
future research.
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