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Abstract

& Key message In a major Australian city, water supply has been decoupled from forests as a result of management and

climate change. Water yield and quality are closely related to forest cover and have been manipulated through broad-

scale intervention. The forests remain important for biodiversity protection and consideringwater as a forest product will

fund interventions that maintain the forest’s environmental values.

& Context Perth, an Australian city of 2 million people and a potable water demand of 300 GL/year, occurs in a region that has

experienced a decline in rainfall and a major reduction in surface runoff to water supply reservoirs over the last 40 years. This has

led to a major impact on water policies, with the collapse of surface water supply from forested watersheds resulting in the almost

complete substitution of Perth’s water supply with groundwater and desalinated water. Thus, water supply has been decoupled

from forests and forest management processes.

& Aims In this paper, we review the interactions between forest cover and water supply in the drying environment of south-

western Australia, exploring studies on the hydrological effects of extensive deforestation for agricultural development, wide-

spread reforestation, forest management, and reduced annual rainfall. We draw conclusions applicable to other regions that are

experiencing the combined impacts of climate change and pressures from land-use intensification.

& Results We find that streamflow and water quality are clearly linked to forest cover and this is affected by both climate and

forest management. Streamflow increases with a reduction of forest cover (through deforestation or thinning) and decreases with

reforestation and reduced rainfall. Stream salinity increases with deforestation and decreases with reforestation. Hydrological

responses occur where forest cover treatments have been applied and maintained at watershed-scales. Surprisingly, where water

yield or quality has been improved, this has not been rewarded financially and there is a need to develop methods of financing

treatments to maintain streamflow.

& Conclusion Whereas forests were initially maintained for water and timber supply, with biodiversity protection as a co-benefit

without a defined value, the decoupling of forests from water supply has substantially reduced the financial resources for any

form of direct forest management. As the forests remain important for biodiversity protection, a key recommendation is to

consider water as a forest product and thus provide funds for watershed-scale treatments, such as forest thinning, that maintain

the forest’s environmental values in a drying climate.

Keywords Forest management . Australia . Climate change .Water yield . Payment for environmental services

1 Introduction

In many regions of the world, several major stressors on

forest-water interactions are becoming apparent. These in-

clude changes in land use as a consequence of increasing

population and climate change with its multiple elements of

changed water balance and extremes of temperature (IPCC

2012; IPCC 2013). Climate change has direct impacts on

forests (Allen et al. 2010), water yield (Milly et al. 2005),

and fire frequency and intensity (Giglio et al. 2013).

Dramatic decreases in streamflow have been observed in
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most areas withMediterranean climates due to climate change

and land cover change (Little et al. 2009; Lutz et al. 2016;

Peñuelas et al. 2017). Moreover, most climate models forecast

an increase in temperature and a decrease in precipitation at

the end of the twenty-first century in Mediterranean areas

(Garcia-Ruiz et al. 2011), which may further enlarge the def-

icit between the water supply and the water demand from

irrigated and urban areas.

South-western Australia provides clear examples of how

these multiple stressors affect the forest-water interface in a

drying climate and how different management responses have

been developed to counteract them. Water for the urban pop-

ulation of south-western Australia was traditionally sourced

from forested watersheds, but in the last four decades,

streamflow has effectively declined to the point where inflows

to impoundments, in many years, simply meet their evapora-

tive losses.Water for public use is now primarily sourced from

both groundwater and desalination of seawater and this is

expected to continue into the future as water demand increases

with ongoing population growth (Water Corporation 2015).

The reservoirs that were a dominant source of water for

Perth are now being used primarily as storages for climate-

independent, desalinized water produced during periods of

low urban water demand (Water Corporation 2015).

However, in wet years, if they occur, water inflows to reser-

voirs will be used for urban water supply.

This change in water supply has been caused by a range of

pressures that are also experienced or evolving in or near

urban conurbations elsewhere in the world. These include

increasing population and demand for water, land-use change,

and climate change. In south-western Australia, these pres-

sures have led to extensive studies on forest-water interactions

in order to devise new management strategies. The insights

and understanding gained in this environment may benefit

other regions also experiencing similar pressures.

In this paper, we thus review a series of studies that have

examined the interactions of forests and surface water, and in

particular the reasons for the profound change in water bal-

ance. Several authors have suggested that changes in water

yield are related to climate change (Bates et al. 2008;

Silberstein et al. 2012), however, they are also likely due to

the imprint of past forest management (Li et al. 2010; Liu et al.

2019) and we discuss the implications of this for the future

eco-hydrological status of the forested watersheds. Several

examples of forest and water interactions in this region are

considered with regard to consequences in terms of water

yield, quality, and management response options. These ex-

amples encompass differences in forest cover and thus water

balance at scales ranging from local plot to watershed as a

result of: (1) extensive deforestation for agricultural develop-

ment and subsequent reforestation, (2) changes in climate

such as increased temperatures and reduced annual rainfall,

and (3) changes in evapotranspiration due to forest

management interventions such as forest thinning and timber

harvesting.

Finally, we examine the broader question of what happens

when forests and water supply are decoupled in the water

supply of a major city. The reason that intact forests occur

close to a major city in this region is primarily for their value

in both producing timber and protecting water quality (Dell

et al. 1989). However, these reasons no longer exist and so we

attempt to answer the question of what is likely to happen

when water supply is no longer the main motivation for

retaining forests, or in other terms the economic value of forest

water has been diminished to zero.

2 Setting the scene: climate, soils,
hydro-geology, and land-use

2.1 Climate and climate change

Although the farmed region of south-western Australia ex-

tends into areas with annual rainfall of 300 mm/year, most

freshwater resources occur in the Northern Jarrah Forest with

rainfall of 600–1400 mm/year (Fig. 1). Most of Western

Australia’s population also occurs in this latter region, and is

particularly concentrated in the capital Perth, with 2.02million

people or 78% of the Western Australia’s total (ABS 2016). In

this paper, we thus focus on the Northern Jarrah Forest which

encompasses an area of 40,000 km2 and concentrate on man-

agement that has occurred in the last 100 years.

This region has a Mediterranean climate, with 80% of rain-

fall falling between May and October with this decreasing

systematically inland. Pan evaporation generally increases

along a south-north gradient, from 1400 mm/year in the south

to 1800 mm/year in the north (Bureau of Meteorology 2018).

Across the region, a systematic decrease in rainfall of 15–

20% since the mid-1970s was reported by Bates et al. (2008)

and this has been subsequently maintained. Much of the re-

duction in rainfall has occurred over the early winter months

ofMay to July and this has been accompanied by the cessation

of very high rainfall years which were previously common

(Bates et al. 2008). Figure 2 shows the long-term (1935–

2017) annual rainfall for two rainfall stations in close proxim-

ity to surface watersheds and the long-term mean rainfalls

before and after a 1975 changepoint (Liu et al. 2019). For

these stations, it is clear that a decline in rainfall has continued.

The decrease in annual rainfall in 1975–2017 ranged from

151 mm or 16% for Collie to 161 mm or 12% for

Dwellingup compared to the pre-change (1935–1974) mean.

There has also been a mean maximum temperature change

of around 1 °C (Silberstein et al. 2012) through the twentieth

century. Climate change projections are both emission scenar-

io and model-dependent, however, two studies that evaluated

several climate models with different emission scenarios were
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consistent in terms of predicting decreased rainfall and in-

creasing mean temperatures (Bates et al. 2008; Silberstein

et al. 2012). These changes will in turn affect the overall water

balance, forest growth, and water yields.

Fig. 1 Map showing rainfall isohyets (historical climate from 1961 to
1990) with the Northern Jarrah Forest (dark green) in the background.
The light green areas are deforested farmland. (source: ESRI, Digital

Globe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA,
USGS, AeroGRID, IGN and the GIS User Community)
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2.2 Change in water demand and sources of supply

Perth’s water supply has two main components: Bpublic

water^ supplied for households and industry by the Water

Corporation, a government trading enterprise; and Bprivate

water^ which is predominantly comprised of groundwater

from near surface aquifers and is used for horticulture, irriga-

tion of public parks and gardens, private gardens, and industry

(Water Corporation 2009). Supply of both sources is regulated

by theWestern Australian Government’s Department ofWater

and Environmental Regulation.

There has been rapid population growth and changes in

potable water demand across the region (Fig. 3). In 1950,

Perth’s population was 0.3 million, with water usage of

59 GL/year, almost exclusively derived from forested surface

watersheds. In 1979, following a severe drought, groundwater

resources were developed (McFarlane et al. 2012b), such that

by 1990 the then population of 1.15 million obtained water

from surface (150 GL/year, 66%) and groundwater sources

(79 GL/year, 34%).

Climate change analysis performed in the late 1980s predict-

ed a decline in rainfall and a reduction in streamflow of 45%

(Sadler et al. 1988). In response, the Western Australian

Government implemented a program of both increased ground-

water use and seawater desalination. In the latter case, two plants

now produce 150 GL/year of desalinated water. In 2014/2015,

the public water supply for Perth, Mandurah, Goldfields, and

inland agricultural areas (termed the Integrated Water Supply

Scheme or IWSS) was 291 GL/year with private water supply,

mainly derived from groundwater, comprising a further 370 GL/

year (Water Corporation 2015). Groundwater and seawater de-

salination are now the dominant public water sources.

Perth’s population is projected to increase to 3.5 million by

2050 (Western Australian Planning Commission 2015) and

public water demand may increase to around 470 GL/year

(Water Corporation 2009). TheWater Corporation (2009) pro-

poses that the gap between supply and demand will be met by

groundwater and desalination with the surface water reser-

voirs being relegated to a role for water storage for excess

desalination.

2.3 Regolith and hydrogeology

The Northern Jarrah Forest is located on regolith formed from

the granites and gneisses of the Archaean Yilgarn Craton

(Myers 1990). The Yilgarn Craton was intensively weathered,

possibly in the Miocene, such that primary minerals were

converted to kaolinitic clays and iron and aluminum oxides

(Anand and Paine 2002) to depths up 30 to > 100 m (Taylor
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and Butt 1998). This weathering mantle has been stripped

away along drainage lines, with a resultant pattern of relatively

fertile, shallow soils along the river valleys and infertile, deep

soils in the interfluves (Harper et al. 2009). Some valleys have

not been stripped and contain sediments (McArthur 1991).

The deep regolith has localized aquifer systems, both at the

base of the regolith, within valley in-fill sediments, and also

within cracks and fissures within the basement geology. The

regolith thus has both saturated and unsaturated zones. In

higher rainfall (> 800 mm/year) areas, groundwater in the sat-

urated zone discharges to streams in the valley floor. In these

situations, the unsaturated zone is absent, whereas it may be

20 m deep in upper slope areas. In lower rainfall (< 800 mm/

year) areas, the deep groundwater tables are far below the

stream bed and do not contribute to streamflow, and conse-

quently, the regolith is dominated by the unsaturated zone.

Highly permeable soils are widespread across the Yilgarn

Craton and combine with generally low storm rainfall inten-

sities to restrict the occurrence of saturation excess runoff to

saturated areas close to streams (Ruprecht and Schofield

1989). These saturated areas are supplied from upslope by

throughflow (Williamson et al. 1987), creating a lag in the

onset of runoff to initial winter rainfall as soil moisture stores

require replenishment before a connection is established be-

tween hillslope percolation and riparian zones. In a drying

climate, this runoff lag is increasing with many streams that

were permanent now becoming ephemeral (Petrone et al.

2010; Smettem et al. 2013).

These regolith aquifer systems are however not used for

water supply. The aquifers that supply Perth’s water are phys-

ically separate from the Yilgarn Craton, occurring within the

sedimentary Perth Basin, which is immediately to the west

and have no hydrogeological connection with the surface

watersheds.

2.4 Forests, forest management, and land-use change

There was complete forest cover in this region at the time of

European settlement in 1829 (Dell et al. 1989). After settle-

ment, there was considerable forest harvesting and deforesta-

tion for agriculture and urban purposes. Around 30,000 km2

of land still has natural vegetation with 24,000 km2 of forest,

with 81% of this vested with the Western Australian

Government (Conservation Commission of Western

Australia 2013, p.8) and the remainder in private ownership.

The forests on the Yilgarn Craton in the Perth region are

dominated by Eucalyptus marginata, or jarrah, this forming a

30–40-m tall evergreen forest with a diverse understorey (Dell

et al. 1989). Almost all of the larger jarrah has been harvested,

with a rotation length of 50 to 200 years (Stoneman et al.

1989), and consequently, the forest is now almost wholly com-

prised of regrowth of various ages. Low-intensity fires are

used at intervals of 6 to 8 years to reduce the build-up of fuel

loads (McCaw and Burrows 1989) and prevent wildfires.

Current forestry practice involves selective logging rather than

clear-fall, with 135 to 185 km2 harvested annually

(Conservation Commission of Western Australia 2013). In

response to vigorous public debates about the merits of log-

ging natural forests, 62% of the forest has been placed in

conservation reserves (Conservation Commission of Western

Australia 2013).

Approximately 10 km2/year of jarrah forest is also

deforested for bauxite, gold, and coal mining (Conservation

Commission of Western Australia 2013), with around

180 km2 cleared and rehabilitated to date. The principal baux-

ite lease area covers 50–60% of the Northern Jarrah Forest,

including most of the water supply watersheds for Perth. The

mined areas are typically rehabilitated with forest species rep-

resentative of the previous forest type (Koch and Hobbs 2007).

2.5 Salinity and land-use

The regolith on the Yilgarn craton contains salt stores that

have accumulated from incoming rainfall over long periods

(Hingston and Gailitis 1976), and because of the depth of the

regolith, these salt stores can be substantial. Salt storage has

been reported to range from 4 to 20 kg/m2with this increasing

systematically with decreasing rainfall (Johnstone 1981;

Tsykin and Slessar 1985).

The root systems of the natural forest have been reported to

extend to depths of at least 40 m (Dell et al. 1983), and in this

situation, deeper salt stores are effectively disconnected from the

surface waters. Removal of deep-rooted forests and replacement

with shallow-rooted annual crop and pasture plants changes the

water balance, with increased recharge leading to groundwater

rise in valleys and widespread salt discharge into streamlines

and the ground surface (Ruprecht and Schofield 1991).

Although several watersheds with reservoirs have

remained wholly forested, there are some that have been par-

tially deforested. In every case where this has occurred, stream

salinity has increased (Bari and Ruprecht 2003; Hatton et al.

2003) and has thus compromised water quality in reservoirs.

For example, the 1480 km2Helena watershed nearMundaring

has 3% deforestation and salinity of 510 mg/L total dissolved

solids (TDS) (Smith et al. 2007) and the 2827 km2 Collie

watershed has had 19% deforestation and salinity of

945 mg/L TDS (Mauger et al. 2001). The TDS threshold for

human usage based on esthetics is 500 mg/L (National Health

and Medical Research Council 2004).

3 Impacts ofmanagement and climate change
on forests and water

There have been strong hydrological responses in the Yilgarn

Craton to deforestation and reforestation in terms of both
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streamflow and stream salinity (Peck and Williamson, 1987;

Ruprecht and Schofield 1989; Bari and Ruprecht 2003; Peck

and Hatton 2003). In all cases, the level of response depends

on the amount of cover change and watershed characteristics

(Liu et al. 2019). Additionally, a significant decline in rainfall

has been observed since 1975, and this has resulted in a dra-

matic decrease in streamflow into Perth reservoirs (Petrone

et al. 2010). As described earlier, south-western Australia

has a Mediterranean climate, with an annual summer drought.

Superimposed on this pattern is annual variability with peri-

odic droughts, with these being associated with mortality in

Eucalyptus plantations (Harper et al. 2009) and natural forests

(Matusick et al. 2013; Walden et al. 2019).

3.1 Impacts of forest management on water

Although there were early reports of the deterioration of water

quality following deforestation and its restoration following

reforestation in the Helena River watershed (Wood 1924),

there was considerable debate from that time onwards (e.g.,

seeWestern Australian Parliamentary debates in 1976) wheth-

er there was, in fact, a direct cause and effect relationship

between deforestation and stream salinity, and thus what the

management responses should be.

This was during a period of rapid alienation, or freeholding,

of forested Crown land and subsequent deforestation for agri-

culture (Burvill 1979) with agricultural development mostly

having precedence over water supply (Smith 1950). In 1961,

an administrative decision was made to suspend further re-

leases of forested Crown land for agriculture and in 1964 a

Parliamentary Committee unsuccessfully recommended that

deforestation controls be instituted on already alienated land.

Over the next decade, the debates continued until the Country

Areas Water Supply Act 1947 was amended (Country Areas

Water Supply Act Amendment Act 1976; Country Areas Water

Supply Act Amendment Act 1978) to limit agriculturally in-

duced deforestation in water supply watersheds and thus

prevent stream salinization. Several paired watershed studies

were also established in the Collie watershed from 1969 (Peck

and Williamson, 1987) to investigate the impact of deforesta-

tion on runoff and stream salinity.

As an example of the responses that occur with deforesta-

tion and reforestation, the Denmark watershed (502 km2) was

partially (20%) deforested from the late 1940s onwards, and

stream salinity and total salt-load and total streamflow in-

creased (Fig. 4) (Bari et al. 2004; Ruprecht et al. 2019).

This was consistent with the results from chloride balance

studies (Peck and Hurle 1973) and the results from defores-

tation experiments in smaller (0.8–3.5 km2) experimental wa-

tersheds (Peck and Williamson, 1987; Bari and Ruprecht

2003).

Just as there had been conjecture about the causes of sa-

linity, there was also conjecture about how to reverse its ef-

fects. The State Salinity Strategy (1996) outlined potential

management responses and these broadly related to the ma-

nipulation of watershed water balances or the capture and

diversion of saline waters into disposal areas. Water balance

approaches included increasing water use through reforesta-

tion or the use of deep-rooted pasture plants and protecting

existing forest cover.

In the late 1980s, an agroforestry approach with strips of

pulpwood eucalypts interspersed with agricultural crops and

pastures was advocated (Ruprecht et al. 1985; Shea and

Bartle 1988; Bartle and Shea 1989). The underlying plan

was for the forestry investment to be financially self-sustain-

ing, with this providing a water quality co-benefit. Despite

suggestions that stream salinity could be restored by only

partially reforesting landscapes, this was subsequently

discounted (George et al. 1999). Similarly, there were other

indications that almost complete forest cover was required to

either restore or maintain stream water quality. For example,

although the Helena watershed was only 3% deforested there

was a continuing efflux of salt from the deforested land into

the river and reservoir (Croton and Dalton 1999; Smith et al.
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2007). Issues with obtaining widespread reforestation are re-

lated to the costs of achieving this and the displacement of

agricultural activity and rural communities (Harper et al.

2012; Harper et al. 2017).

In the case of the Denmark River watershed, widespread

reforestation was possibly achieved inadvertently. For a vari-

ety of reasons, investment in pulpwood forestry rapidly ex-

panded across southern Australia in the period up to 2007

(Parsons and Gavran 2010) and plantation companies

reforested whole landscapes rather than managing agroforest-

ry plantings. Consequently, in watersheds such as the

Denmark there was almost complete reforestation and stream

salinity and salt outflows have subsequently reduced (Fig. 4)

and are likely to revert to pre-deforestation values (Ruprecht

et al. 2019). Although overall water flows have also reduced,

this water is now of a quality that can be utilized as a potable

supply. Modeling across several other partially deforested wa-

tersheds has suggested similar improvements in water quality

are possible with reforestation (Mauger et al. 2001; Bari and

Ruprecht 2003; Bari and Smettem 2006; Smith et al. 2006;

Smith et al. 2007).

Apart from deforestation and reforestation, forest thinning

was considered likely to increase streamflow by reducing

forest canopy interception (Stoneman and Schofield 1989),

with widespread intervention posited to produce 48 GL/year

of additional flow in existing dammed watersheds. This

followed earlier work that reported responses in groundwater

levels and streamflow from logging (Stokes and Batini

1985).

Several watershed-scale thinning experiments were

established in the 1980s (Ruprecht and Stoneman 1993;

Stoneman 1993; Bari and Ruprecht 2003). Forest thinning

generally resulted in an initial increase in streamflow followed

by a return to pre-disturbance levels. However, the return to

pre-disturbance levels can be delayed by regrowth suppres-

sion at the time of the initial thinning or through later regrowth

control. For example, the uniform, intensive thinning treat-

ment in Hansen watershed (annual rainfall 1200 mm/year)

reduced crown cover from 60 to 14%, which resulted in an

increase in streamflow of approximately 20% of annual rain-

fall (260 mm/year) after 3 years (Ruprecht et al. 1991).

Stoneman (1993) found an increase of 86 mm (7% of annual

rainfall) in water yield, 9 years after the thinning of Yarragil

4 L forest watershed. However, there is still no consistent

result on the effects of land cover change on water yield; it

depends on the amount of cover change and watershed char-

acteristics. For example, although 64% and 53% of the water-

sheds were thinned in the Yarragil 4X and Yarragil 6C forests

in 2001/2002 respectively, which led to an increase in ground-

water recharge, there were no significant effects of thinning

either on groundwater or annual streamflow as not enough

rainfall was obtained afterward leading to a deficit in soil

moisture (Kinal and Stoneman 2011).

3.2 Impacts of a drying climate on forest and water

As described earlier, there has also been a systematic change

in climate over the last 80 years, with this including an in-

crease in mean annual temperature and a reduction in rainfall

(e.g., Figure 2). These changes have been used to explain the

major changes in streamflow, as seen in Fig. 3. Across the

region, a mean reduction in rainfall of around 15–20% was

associated with a decline in runoff of 50% (Bates et al. 2008;

Petrone et al. 2010). The explanation for these changes is the

separation of groundwater systems from surface streamflow,

and a step-change in system response when the groundwaters

and surface streams are disconnected (Kinal and Stoneman

2012). In the case of Kinal and Stoneman (2012), groundwater

levels in a 2.73 km2 watershed systematically decreased by

between 6 and 11 m over a 35 year period. Similarly, Petrone

et al. (2010) showed that although there were clear relation-

ships between declines in rainfall and runoff from 1950 to

1989, from 1989 to 2008 runoff continued to decline but rain-

fall did not.

There has clearly been a change in landscape water balance

over time, however, whether this can be completely ascribed

to climate change or to changes in evapotranspiration in re-

sponse to management is less clear. For example, Liu et al.

(2019) reported that change in vegetation attributes (land

cover/use change and growth of vegetation) dominated the

decrease in streamflow from 1982 to 2012 in about two-

thirds of the watersheds in south-western Australia, using

the theoretical framework of Budyko (1974). Similarly, Li

et al. (2010) examined data from 41 watersheds with up to

19 years of record and found that the most consistent contri-

bution to changes in watershed runoff ratio was the forest

density. Eucalypt forests both re-seed and coppice after fire

or harvest, with resultant changes in forest structure (Abbott

1984).

Meanwhile, satellite measurements of vegetation indices,

such as NDVI, suggest that forest canopies are not reducing in

response to the reduction in rainfall (Smettem et al. 2013; Liu

et al. 2017) and the forests may presently be relying on deeper

water stores especially in the deep kaolinitic regolith. This is

certainly consistent with the declining groundwater pressures

reported by Kinal and Stoneman (2012) and also of eucalypt

plantation responses to drought where those on deep regoliths,

and with presumed access to additional soil water, survived

drought conditions, whereas trees on shallow soils and with

limited soil water storage died (Harper et al. 2009). What is

less clear, however, is how soil moisture contents to depth

have changed over time in this region. Several recent papers

(Brouwers et al. 2013; Evans et al. 2013; Evans and Lyons

2013; Matusick et al. 2013; Walden et al. 2019) have exam-

ined the response of the forests of south-western Australia to a

drought year during an extended period of reduced rainfall,

with increased forest mortality. Rainfall in 2010 was 40–50%

Page 7 of 12 95Annals of Forest Science (2019) 76: 95



below average rainfall and this was associated with mortality

of 1.5% of forest in the surveyed area (Matusick et al. 2013).

A feature of these papers is that although they report tree

responses to drought there are no associated measurements

of regolith depth, soil water, or groundwater responses.

Climate projections for this region indicate that under most

emission scenarios temperatures will continue to increase and

rainfall will further decrease (McFarlane et al. 2012a). Future

streamflow responses have been modeled for different climate

change scenarios. The most comprehensive study involved an

assessment of 15 climate change models across three different

emission scenarios (Barron et al. 2012; McFarlane et al.

2012a; Silberstein et al. 2012) and this suggests a further de-

crease in water yield. This study, however, does not include

changes in evapotranspiration due to changes in vegetation

cover caused by drought or fire. Climate change may also

result in a change in water balance and an increase forest

mortality while increasing temperatures are likely to be asso-

ciated with more severe fire conditions. Both drought and fire

are likely to change rates of evapotranspiration, interception,

and thus rainfall/runoff relationships.

4 Discussion

The ecohydrological systems of south-western Australia are

clearly responsive, albeit with time lags, to changes in water

balance driven by both forest management and climate. More

broadly, this paper has highlighted three main considerations

for the development and implementation of forest manage-

ment responses applicable to this and other regions: (1) devel-

oping an understanding of the underlying mechanisms for the

forest’s hydrological responses to land use and climate

change, (2) the need for treatments to be applied across entire

watersheds to engender change, and (3) identifying methods

of financing these changes.

4.1 Understanding of the forest hydrological
responses to land use and climate change

Before new management systems can be devised, it is neces-

sary to have some understanding about the likely trajectory of

future climate change, the way the existing vegetation is man-

aged, the consequent new ecohydrologic equilibrium, and the

possible response of the vegetation systems. Although it is

highly likely that with climate change there will be further

significant change in the water balance and continued drying

of the regolith, several aspects of the change of water balance

have not been resolved, and in particular what will happen

when the end point of the current drying trend is reached

and regolith is seasonally dried to bedrock. If the forest cano-

pies are currently being maintained by deep soil water stores,

there will likely be a further step change when these stores

have been depleted, and the forest will rely solely on annual

rainfall inputs. There is already evidence of such thresholds in

this region, in both stream yield (Ruprecht and Schofield

1989; Petrone et al. 2010) and salinity responses (Ruprecht

and Schofield 1991).

Budyko’s ecohydrological framework (Smettem et al. 2013;

Zhou et al. 2015; Liu et al. 2019) suggests that the forest canopy

will revert to a level reflective of drier rainfall conditions as it

will not be buffered by stored soil moisture. This may entail a

recession of canopies across the forest and episodic deaths in

response to extreme temperature events. More recently, these

deaths have occurred in areas where soil water storage is small

(Harper et al. 2009), however, on drying of the regolith, they

may extend across the whole landscape. Similarly, stream

yields will also reflect diminished annual rainfall. The interac-

tive effects of changes in vegetation cover from drought, tem-

perature changes, disease, and also fire are uncertain and require

further investigation, particularly for phreatophytic species. A

similar issue relates to the impact of a change from perennial to

ephemeral stream flows and the year-round availability of water

for animal species (Barron et al. 2012).

Importantly, the specific course of climate change is uncer-

tain, not only in the actual global emissions trajectory that will

occur, and the impacts of this radiative forcing on both tem-

peratures and water balance (IPCC 2013), but also the impact

of this on runoff as implied by Roderick and Farquhar (2011).

There will also be additional interactive effects such as be-

tween extremes of temperature and increasing atmospheric

carbon dioxide content (e.g., Woldendorp et al. 2008) and

possibly changes in pests and pathogens as seen in various

forests (Kurz et al. 2008; Seidl et al. 2017) in response to

climate change. There is a clear need for ongoing manipula-

tive experimentation, long-term monitoring, and the develop-

ment and implementation of new management strategies for

this landscape.

In addition to climate impacts on forest hydrology, there

have also been other transient forest disturbances such as tim-

ber harvesting, fire, and mining which led to initial increased

streamflow but with significant delays related to the presence

or lack of a groundwater discharge area. Over time,

streamflow returns to either pre-disturbance levels or may

reduce to below pre-disturbance levels.

4.2 The need for watershed-scale treatments
to achieve forest-water benefits

From this paper, it is quite clear that in south-western

Australia, water yield and water quality can be readily manip-

ulated at decadal time-scales through actions that manipulate

forest cover and thus water balance, such as forest thinning,

deforestation, or reforestation. In each case, a key factor in

obtaining a response in either water yield or water quality

has been to achieve a sufficient scale of activity (Harper
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et al. 2012), such as seen in the Denmark River watershed in

response to both deforestation and reforestation (Fig. 4,

Ruprecht et al. 2019). In this watershed, reforestation im-

proved water quality to the extent that it was potable, but

reduced stream yield.

4.3 Identifying methods of financing watershed-scale
changes

Obtaining this scale of activity requires financing either from

Government subsidies or private investment. In the case of the

Denmark River widespread reforestation came from private

pulpwood plantation investment. Attempts have been made

to emulate this in other watersheds with programs that encour-

age reforestation such as with carbon mitigation investment

(Harper et al. 2012; Harper et al. 2017) however a stable

carbon market has not developed in Australia.

One surprising feature, however, is that although forest

management activities have had direct impacts on water sup-

plies, the value of this water has not been explicitly brought to

account. Thus, no allowance ismade for the deleterious effects

of deforestation on water quality (Townsend et al. 2012), al-

though this has compromised major water resources such as

the 184 GL capacity of Wellington Dam and several other

rivers. Similarly, there are no direct rewards for the increase

in water quality following broad-scale reforestation or the in-

crease in water yield following forest thinning. Indeed, in

some cases, the water values from reforestation may be in

excess of the values from timber or agriculture (e.g.,

Townsend et al. 2012). The marginal cost of water from desa-

lination is around AUD$1.50–2.00/kL and it could be argued

that this provides a basis for valuing water from forest man-

agement activities.

There is thus a flaw in the approach of seeking a water

benefit from forest management activities as an unvalued co-

benefit, rather than as a direct benefit. This lack of value for

the water may have several implications. For example, plan-

tation eucalypt yields have been poor in some areas where

reforestation has improved water quality and the plantations

may be removed and revert to farmland with future water

quality highly likely to again deteriorate, as seenwith previous

deforestation in the Denmark River watershed (Fig. 4).

Similarly, although forest thinning has been associated with

an increase in water yield, a lack of payment for this water has

resulted in limited treatment of watersheds.

What is required is a process where the impacts on water

values from both deforestation and reforestation are brought to

account and these values were considered as part of the total

value of the forestry or agricultural enterprise. The payments

could be sourced both from penalties from land that is con-

tributing salts (and other pollutants) into streams and also from

sales to water service providers where the value of the water is

less than the cost of desalination.

Using an ecosystem service approach to manage forest wa-

ter and other environmental values has precedence in this

(Townsend et al. 2012) and other regions (Deal and White

2012). For the jarrah forest, such an approach could include

consideration of provisioning (e.g., here water, wood prod-

ucts, and biodiversity), regulating (e.g., carbon), and cultural

ecosystem products (e.g., ecotourism). It is clear, however,

that a full stand-alone analysis of the utility of an ecosystems

approach, in this region, is required. This would consider

existing legislative frameworks, community acceptance of

the ecosystems approach (e.g., through forest thinning to in-

crease water yield) and the state of the different ecosystem

markets. That said, there has been some discussion of compo-

nents of this approach in the region in terms of the efficiencies

in water use fromwater markets for groundwater management

(Skurray et al. 2013; Bennett and Gardner 2014) and carbon

mitigation (Mitchell et al. 2012; Harper et al. 2017).

4.4 What happens when forest management
and water supply are decoupled?

Although water in south-western Australia has been tradition-

ally obtained from forested watersheds and the forests were

maintained primarily for their water resource and timber

values, the advent of desalination and groundwater abstrac-

tion has resulted in a decoupling of the forest-water nexus.

What this means is that forest management is now not seen as

critical or significant to supplying water to Perth and raises

the question as to what is the likely outcome of this

occurrence.

In parallel with the change in water sources has been the

reduction in public acceptance of timber extraction from nat-

ural forests and a consequent change in land tenure to non-

production status (Conservation Commission of Western

Australia 2013). Thus, two major economic values, water

and timber, have been removed.

The forests, however, are still important in terms of their

ecological services, such as carbon storage (Walden et al.

2019) and maintenance of wildlife habitat (Daily and Ellison

2002). They also provide social and cultural benefits such as

recreation, traditional resource uses, and spirituality. To main-

tain these values, a new approach to forest management is

required. This will involve managing forest values in the con-

text of a changing climate and associated impacts of tree

deaths and drying river environments. Decisions need to be

made as to what forest environment values can be protected or

achieved and how the maintenance of these values is to be

funded.

Considering water as a forest product that attracts payments

will provide funds for watershed-scale interventions. This

could occur within a broader payment for environmental ser-

vices (PES) framework, encompassing provisioning (e.g., wa-

ter as well as wood products and biodiversity), regulating
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(e.g., carbon), and cultural ecosystem products. This paper has

demonstrated that it is technically possible to manage the for-

ests to increase water flow and improve water quality, howev-

er, the value of this water is currently not brought to account.

5 Conclusions

This paper has shown that it is possible to manipulate water-

shed water balances through management interventions, thus

the question arises whether the transition to a different

ecohydrological state is passively or actively managed. This

is also the dilemma that will face forest managers in other

regions who are attempting to manage climate change.

The forest environment in south-western Australia has

changed significantly over the last century and is likely to

change in the future in response to climate change. There are

two broad options for future management: (a) a passive ap-

proach where with minimal intervention the forest finds a new

equilibrium, with consequential impacts on biodiversity and

other values, or (b) active management where treatments are

applied at scale to provide water both for the environment and

human use. The latter will require methods of explicitly valu-

ing the forest water resources and their environmental co-ben-

efits, particularly now that non-forest sources of water are

being used to meet human demands.

A passive approach will result in the forest adjusting to the

new water balance, with impacts on both forest composition

and particularly in stream zones as streamflow becomes

ephemeral. Active management will entail forest thinning,

however, for this to have an effect on landscape hydrology,

it will need to be undertaken at scale and this will require

significant funding. The lack of a payment system for water

means that a potential source of finance does not currently

exist and it is thus unlikely that an adequate scale of funding

will be available to manage forests for biodiversity values.

Our examples of watershed restoration show that broadscale

landscape intervention does result in hydrological change, but

will not occur as a result of direct public payments. Thus, a

priority is to evaluate whether payments for water within a

payment for ecosystems services framework will be useful

in the future management of these forests.
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