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Forests, fire and vegetation change impacts on Murray-Darling basin water 
resources
Patrick NJ Lanea, Richard G Benyona, Rachael H Nolanb, Rod J Keenana and Lu Zhangc

aSchool of Ecosystem and Forest Sciences, University of Melbourne, Parkville, Victoria, Australia; bHawkesbury Institute for the 
Environment, University of Western Sydney, Richmond, NSW, Australia; cCSIRO Land and Water, Black Mountain, ACT, Australia

ABSTRACT
The Murray-Darling River system is perhaps Australia’s most important, with significant social, 
cultural and environmental values including 16 Ramsar listed wetlands. The MDB is home to 
2.6 million people and produces about $24 billion worth in agricultural production each year 
(about one-third of total value for Australia). Hydrologic issues, typified by water availability 
and quality, have existed for many years, peaking during the Millennium drought from 1997 to 
2010. Competing interests (i.e. irrigation, tourism, environmental heath), and the declining 
flows and water quality during droughts, led governments and water management agencies to 
consider the risks to water resources in the system in the early-mid 2000s. This paper reviews 
changes to risks associated with forest dynamics, as identified by - afforestation and bushfire – 
and considers new issues that have emerged since that analysis. It was found that the potential 
impacts of bushfire on stream flows were over-estimated in past studies, and that a planned 
significant afforestation expansion into agricultural and grazing land that was projected to 
reduce stream flows did not occur. While these two risks now do not seem likely to have 
significant future impacts on flows, or consequent effects on downstream users, the interaction 
of elevated CO2 and increasing temperatures on vegetation functioning and subsequent 
hydrologic consequences at catchment scale require further research and analysis. Reduced 
rainfall and increased temperatures under future climate change are likely to have an impact 
on inputs and flows. Uncertainties in how these changes, and feedbacks between climate, 
drought, more frequent fire and vegetation responses, impact on system hydrology also 
require further investigation.
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1. Introduction

A key factor in understanding the hydrology of any 
landscape is the interactions between vegetation type, 
areal coverage and dynamics of vegetation and evapo-
transpiration (ET). Many studies have demonstrated 
the higher rates of ET from trees and woody vegeta-
tion compared with pasture and short crops (eg. 
Zhang, Dawes, and Walker 2001). Natural landscapes 
tend towards a hydrologic equilibrium, with the type 
and density of vegetation highly correlated with the 
balance of energy and water inputs (see Zhang, Dawes, 
and Walker 2001). Significant changes to natural sys-
tems wrought by human land use alter this system 
equilibrium. Changing human water resource 
demands add to dynamic land use and vegetation 
characteristics. Prediction of the hydrologic outcome 
of vegetation dynamics requires an understanding of 
ET and how that may change with vegetation, growth 
stage and disturbances such as bushfire. A key driver 
for the soil-vegetation systems are climate inputs, 
which in much of Australia are highly variable and 
changing rapidly due to human-induced greenhouse 
gas emissions.

Hydrologic systems can be characterised as either 
water-limited (WL) or energy-limited (EL) (Milly 
1994). Semi-arid areas of Australia are generally 
water-limited and upland wet forests typically energy- 
limited. Climate extremes can move ecosystems 
between these states. For example, the Millennium 
Drought from 1997 to 2010 (van Dijk et al. 2013) led 
to water limitation in most hydrologic systems, while 
subsequent wet years shifted them to an energy limited 
state (as in the 2021–22 high rainfall following the dry 
period that brought the Black Summer fires). 
Increasing or decreasing woody biomass can have 
a somewhat similar effect in that the ET term in the 
water balance equation is closely correlated with vege-
tation type and density, often characterised by leaf 
area. The majority of SE Australia’s streamflow is 
generated from energy limited systems, with rainfall 
that is excess to vegetation demand running off as 
streamflow and providing water to downstream eco-
systems and human users. This is particularly true of 
the Murray-Darling system. Significant changes to the 
vegetation, coupled with climate variability and high 
water demands for human and natural uses, can 
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subsequently lead to shifts in downstream water avail-
ability and conflict over water use.

The severity of the Millennium Drought intersected 
with and exacerbated rising tensions around water 
resource allocation. This was particularly so for the 
Murray-Darling Basin (MDB) (Alexandra and 
Rickards 2021). The MDB is arguably Australia’s 
most important river system, both in terms of water 
volume and demands on the system for human and 
environmental uses. Its area of 1,061, 469 km2 is 14% 
of Australia’s land mass. The management of water in 
the Basin has been highly contentious for decades but 
this contention reached a peak during the Millennium 
Drought, particularly in the southern Basin where the 
drought was most severe (Alexandra and Rickards 
2021). The management of such a large water resource 
system with many competing uses is complex. Setting 
aside water demand and supply issues, one of the 
complexities during the 2000s was the relatively poor 
understanding of various factors that modulate how 
rainfall in the catchment is partitioned; that is, what 
are the hydrologic stores and fluxes that govern how 
much rainfall is converted to streamflow? A very sig-
nificant effort was put into ‘auditing’ the Basin and 
identifying the most important factors influencing this 
partitioning of rainfall to evapotranspiration, soil sto-
rage and streamflow. These factors were documented 
within a risk framework that considered how changes 
in the system might impact on water availability to 
downstream users (van Dijk et al. 2006).

These risks included climate change, afforestation, 
groundwater extraction, changes to irrigation water 
management, farm dams and bushfire (van Dijk 
et al. 2006). One of these risks was related to the 
hydrologic characteristics of trees in the landscape. 
The Millennium Drought coincided with two other 
potentially important developments for water 
resources in the Basin. The first was the desire to 
expand tree plantations, largely driven by national 
policy – the Plantations 2020 Vision (Plantations 
Australia 2002), which aimed to treble the area of 
timber plantations, from 1 million to 3 million hec-
tares by 2020. This policy provided a basis for changes 
in tax laws to support investment in Managed 
Investment Schemes (MIS) that incentivised planta-
tion investment (O’toole and Keneley 2010). 
The second was the large-scale fires that occurred 
across extensive areas in the southern part of the 
Basin under the drought conditions of the 2000s 
(van Dijk et al. 2006). Both were perceived to be 
a risk to Basin water resources. This paper is one of 
a suite (see this issue) that revisits the 2006 Risks 
report and considers future risks by addressing the 
following questions:

(1) What was our understanding of the risk at the 
time of the 2006 report?

(2) How has this changed considering actual events 
and changes to scientific understanding?

(3) What are the policy options to manage these 
risks?

(4) What are the knowledge gaps that should be 
addressed to best inform the revision of the 
Murray-Darling Basin Plan 2026?

(5) What further research is needed to better quan-
tify and respond to these risks?

2. Fire impacts on streamflow

Fire is a key driver of dynamics in forest and other 
vegetation in most parts of Australia. Fire has been 
part of the Australian landscape for millions of years. 
Human use of fire has shaped vegetation in the 
Australia landscape since the arrival of Aboriginal 
Australians more than 60,000 years ago (Fletcher 
et al. 2021). The removal of Aboriginal fire after the 
British invasion in 1788 had profound impacts on 
vegetation structure and composition, particularly in 
south-eastern Australia, with significant implications 
for vegetation water use. Areas of forest and woodland 
vegetation were cleared for agriculture, decreasing 
interception and evapotranspiration and increasing 
run-off. Removal of regular, cool burning from much 
of the landscape increased fuel loads and understorey 
and many forests became denser, increasing intercep-
tion and evapotranspiration by trees. More fuels 
increased fire intensity and spread and large-scale 
wildfires became more frequent (Fletcher et al. 2021).

Rapid regeneration following these intense fires 
created larger areas of relatively even-aged regrowth 
in forests in higher rainfall areas that provide much of 
the water to the Basin. These forests are dominated by 
‘obligate-seeder’ eucalypt species that are killed by fire 
and regenerate from seed. Higher temperatures and 
increased aridity under climate change is driving more 
frequent severe fire weather conditions (Canadell et al. 
2021). Since 2000, south-eastern Australia has experi-
enced major wildfires in 2003, 2006–07 and 2009 that 
burnt significant areas of the MDB, with some forested 
areas burnt multiple times. While the Black Summer 
fires of 2019–20 burnt an unprecedented area of for-
ests and farmland in eastern Australia, only a small 
proportion of this area was in the MDB (Boer, Resco 
de Dios, and Bradstock 2020).

2.1. What was our understanding of the risk at 
the time of the 2006 report?

Our understanding of risk was highly coloured by 
research in Melbourne’s water catchments in the 
upper Yarra that generated the ‘Kuczera curve’ 
(Kuczera 1987). This curve represents a dynamic ET- 
streamflow response following fire that results in 
a streamflow decline over several decades before 
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gradually returning to a pre-fire level (Figure 2). The 
published curve depicts a scenario where catchments 
dominated by old growth obligate seeder ash forests 
are 100% killed by bushfire and an increase in ET (and 
decrease in run-off) is driven by high water use by the 
vigorous, natural post-fire regeneration. The concern 
around impacts of disturbance on water yield from 
these forests focusses on the scale of the flow decreased 
(around 50% at age 25–30), the longevity of the impact 
and the fact these species dominate the high water 
yielding catchments. The Kuczera curve is often mis-
understood (or misused) given there are relatively few 
old growth stands remaining in either Melbourne’s 
water catchments, or the upper catchments of the 
MDB. Mortality rates post fire can also be variable, 
meaning that many catchments impacted by fire con-
tain a mix of trees in different age classes. A further 
complication of applying the Kuczera curve broadly is 
that most higher rainfall Basin catchments are domi-
nated by non-ash species that are generally not killed 
by fire, with epicormic shoots resprouting from stems 
and large branches. The response of these species, 
ecologically or hydrologically, was not well known, 
with initial modelling of fire impacts in the early 
2000s parameterised these species as much by guess-
work as by a solid understanding (see Lane et al. 2008, 
2010; Hill et al. 2008). To place this issue in context, 
only 0.24% of the Basin is vegetated by ash species.

The 2006 Risks report refers to two reports in the 
wake of the 2003 fires, one of which suggested inflows 
to the Murray may be reduced by as much as 430 GL by 
2020. The other study predicted an initial flow increase of 
14–106% for different catchments up until 2010, with 
subsequent inflow changing by −129 GL to + 4 GL 
per year. The work noted that the pattern of burn severity 
and species produce the variable outcomes. The 2006 

Risks report does not project fire driven risks into the 
future, but notes that increased fire is consistent with 
climate change, and therefore the risk may increase. 
Clearly the incidence of fire in the broader region has 
increased significantly since 2006 but these fires have not 
all impacted on the MDB (Figure 1(a)). The fire affected 
area in the Basin since 2000 is around 68,000 Km2 (~6%), 
with some 21,000 Km2 burnt more than once. It should 
be noted this analysis does not consider fire severity. The 
areas depicted in Figure 1(b) include the upland forest of 
the southern Basin which are the high water yielding 
areas.

2.2. What we know now?

The key differences in the fire effects were viewed in 
the Risks Report is our significantly improved under-
standing of the coupled ecology and hydrology of 
mixed-species eucalypt forests. These represent most 
tree species in the Murray-Darling Basin. Fire hydrol-
ogy in eucalypt forests tended to be clouded by the 
work of Kuczera (1987) and subsequent studies that 
produced the distinct age-streamflow response to sin-
gle age regeneration of the obligate-seeding mountain 
ash (Eucalyptus regnans) in the decades following the 
huge 1939 fire. Modelling after the 2003 Victorian 
fires assumed that the non-ash forests would have 
a subdued ‘Kuczera effect’ but this was based on an 
imperfect understanding of mortality rates. We now 
know that the large-scale mortality seen in ash species 
does not occur, or is extremely rare, in mixed-species 
forests. This means the regeneration dynamics and 
consequent evapotranspiration are different in 
resprouting mixed species forests than in obligate see-
der mountain ash or alpine ash.

Figure 1. (a) Fire extent and frequency since 2000 in the Basin, and (b) enlarged version focussed on upland forests.
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Research projects since the mid 2000s indicate:

● Far better understanding of the ecological 
response to fire and importantly, varying levels 
of fire severity (e.g. Bennett et al. 2016; Nolan 
et al. 2014, 2015; Fairman, Bennett, and Nitschke 
2019)

● There has been only one study that found there 
may be flow decreases from mixed species euca-
lypts (Nolan et al. 2015) and that was a function 
of a uniformly moderate severity in a small 
experimental catchment – the uniformity of the 
burn is unusual (Fig 3.)

● All other studies have found either no change in 
ET or streamflow, or declines in ET and asso-
ciated flow increases (Heath et al. 2014; Gharun, 
Turrnbull, and Adams 2013; Nolan et al. 2014; 
Brown 1972; Lane, Sheridan, and Noske 2006; 
Zhou et al. 2015; Guo et al. 2021). Lane, 
Sheridan, and Noske (2006) and Guo et al. 
(2021) found these increases to be substantial; 
e.g. the former found a 70% increase.

● A top-down regional analysis of 92 catchments 
(Khaledi et al. 2022) found that, on average, fire 
accounted for <9% of streamflow variability, with 
the signal dominated by rainfall variability. This 
reduced to 5% in humid catchments, but was 
19%–23% for semi-arid areas.

● The potential for the largest flow impact remains 
in ash forests (Brookhouse, Farquhar, and 
Roderick 2013), but there are emerging studies 
that suggest the eco-hydrologic impact may be 
very variable (Benyon et al. 2023), and any flow 
dynamics are intrinsically linked to regeneration 
rates as expressed by self-thinning behaviour, 
which may not be as uniform as the Kuczera 
concept suggests. Benyon et al. (in press) pro-
poses that the ‘Kuczera curve’ is one potential 
outcome, with others far more subdued or even 
producing flow increases.

● The pre- and post fire rainfall and consequent 
soil moisture storage are important to early post- 
fire streamflow, and cumulative flow changes. 
Kuczera (1987) did not identify any flow 
increases despite the widespread mortaility, nor 
did Tan, Flower, and Flowers (2011) in the 
immediate wake of the Black Saturday fires. 
This is inconsistent with the vast majority of 
forest disturbance studies (see Brown et al. 
2005). Modelling by Zhou et al. (2015) reported 
flow increases in ash catchments after the 1983 
Ash Wednesday fires. A key difference between 
the 1939 (Kuczera) and 2009 (Tan) events and 
1983 fires were the length of pre-fire dry period 
(multiple years for 1939 and 2009) and a -
single year for 1983. This impact of soil moisture 

Figure 2. The Kuczera curve (Kuczera 1987).

Figure 3. ET trajectories following fire in mixed species eucalypt forests (after Nolan et al. 2015).
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storage volume and post-fire high/low rainfall on 
streamflow was further explored by Feikema, 
Sherwin, and Lane (2013).

● Species replacement (ash to acacia) can occur 
when obligate seeder species do not have seed at 
the time of the fire and fail to regenerate. This 
results in lower ET and higher streamflow 
(Lakmali et al. 2022).

● The potential for ‘flash floods’ driven by small 
area high intensity convective storms is signifi-
cant in steep upland forests, but is modulated by 
topography, soil type and water repellence 
dynamics – this is also the most important ero-
sion/water quality driver eg. (Nyman, Sheridan, 
and Lane 2013), but is likely to have little impact 
on catchment-wide streamflow due to the small 
storm cell size. It is difficult to detect a convective 
storm input at the larger catchment scale.

The overall findings from this body of research is 
that effects of streamflow impacts in the past based on 
the work of Kuczera (1987) were over-estimated. 
However, the possibility remains that flows might 
decrease in ash-dominated catchments if older trees 
are replaced by rapidly regrowing forest. On the other 
hand, if high fire frequency means these forests fail to 
regenerate and species composition changes (for 
example, see Fairman, Bennett, and Nitschke 2019; 
Nolan et al. 2021a) then the hydrology of the system 
changes (Lakmali et al. 2022). This issue of state tran-
sitions and impact on water yields was explored by 
Colloff et al. (2016) who developed and state-and- 
transition model. This work suggested that there may 
be significant changes to streamflow from fire-prone 
catchments if species composition changes.

2.3. Knowledge gaps

The largest knowledge gap in understanding hydrol-
ogy of forests following fire is the apparent change in 
fire regime (discussed in more detail below). More 
frequent fire against a backdrop of intensifying climate 
mode influence on rainfall has the potential to signifi-
cantly alter vegetation. Figure 1(b) shows the extent of 
multiple burns in <20 years in north-eastern Victoria. 
Such short fire intervals have driven species replace-
ment, particularly where ash forests are replaced by 
understorey species, and by marked changes in stand 
structure (Fairman, Nitschke, and Bennett 2016; 
Fairman, Bennett, and Nitschke 2019; Burton et al. 
2019). The implications for landscape flammability 
are not well known, nor are the implications for 
hydrology in mixed species forests. This issue, like 
many facing the Basin, is highly related to climate 
dynamics. The state transition concepts proposed by 
Colloff et al. (2016) should receive greater focus as we 
grapple with these issues. To date the work of Lakmali 

et al. (2022) is the only quantitative study of one of 
these transitions.

2.4. What further research is needed to better 
quantify and respond to these risks?

We require more work on the feedbacks between 
climate, fire and vegetation dynamics (see section 
below). Improved remote sensing of vegetation fire 
recovery trajectories would give us a much better 
understanding of how catchments may respond to 
disturbances caused by fire. While this may not be 
a ‘risk’ to streamflow, there are significant water qual-
ity threats (see Beavis et al. 2023) and potential flash 
flooding where recovery is slow.

3. Fire feedbacks – fire regimes, flammability 
and vegetation changes?

Fire regimes are broadly defined as the frequency, 
severity, seasonality and extent of fire, with most eco-
systems well-adapted to local historical fire regimes 
(Gill 1975; Turner 2010; Whelan 1995). Globally, fire 
regimes are changing in response to changing land-use, 
climate and fire management strategies (Rogers et al. 
2020). In SE Australia, there has been an increasing 
occurrence of ‘mega-fires’, exemplified by the 2019/20 
Black Summer fire season where an unprecedented 7.2 
Mha of temperate forest was burnt (Boer, Resco de 
Dios, and Bradstock 2020; Bowman et al. 2021). In 
NSW, these fires have contributed to a third of all native 
vegetation being burnt too frequently, placing this vege-
tation at potential risk of conversion (Le Breton et al. 
2022). Similarly, in Victoria large areas have been burnt 
at higher frequency than historical fire regimes 
(Fairman, Nitschke, and Bennett 2016). There is clear 
evidence that this increase in fire frequency and fire size 
in SE Australia is exacerbated by anthropogenic climate 
change (Abram et al. 2021; van Oldenborgh et al. 2021).

The implications of increasing fire frequency for 
vegetation communities, and subsequently for ET, 
are highly uncertain. For those ecosystems where the 
dominant tree species are killed by fire, and post-fire 
recovery occurs via recruitment, repeat fires that occur 
before seed production can trigger vegetation transi-
tions (Fairman, Nitschke, and Bennett 2016). In the 
MDB, the ash-type forests are most at risk of this 
(Bowman et al. 2016), with an approximately 20-year 
period required for seed production (von Takach 
Dukai, Lindenmayer, and Banks 2018), although 
Doherty et al. (2017) found alpine ash flowering at 
age 8. In the MDB, most forests can resprout after fire, 
and these forests are less at risk from increased fire 
frequency, although changing fire regimes combined 
with climate change may also trigger vegetation 
transitions.
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4. Plantations and revegetation

4.1. What was our understanding of the risk at 
the time of the CSIRO’s 2006 report

Following a rapid expansion of Australia’s plantation 
estate in the late 1990s and early 2000s (~820 km2 

year−1 nationally between 1996 and 2005) in response 
to a goal of trebling the commercial plantation area 
from 1 Mha in 1995 to 3 Mha by 2020, a concern in 
2006 was whether widespread conversion from agri-
cultural land to forestry plantations would reduce 
streamflows in the MDB. This resulted in ‘large-scale 
plantation forestry’ being identified as an ‘intercepting 
activity’ in the National Water Initiative (Anonymous 
2004, paragraph 55,).

An important knowledge gap at the time was what 
area of new plantations would be established within 
the MDB and where these would be located. The 2006 
‘Risks to shared water resources. . .’ report cited an 
expected increase in plantation area in the MDB of 
1410 km2 by 2020 but reported predictions of water 
yield reductions from the MDB modelled based on 
increases in plantation area of 4600 and 9200 km2 by 
2020, with associated likely long-term reductions in 
water yield of between 550 and 1400 GL year−1. 
Reduction in flow resulting from a 1410 km2 increase 
was not reported but ‘would result in a reduction in 
water yields of less than 550–700 GL per year’ (van 
Dijk et al. 2006).

In response to these concerns and uncertainties, the 
National Water Commission funded research to 
develop ‘Methods to Assess Water Allocation 
Impacts of Plantations’ (Gilfedder et al. 2010) and to 
improve water accounting and management using 
remote sensing (SKM 2010), while the Murray- 
Darling Basin Authority sponsored studies of effects 
of climatic changes on plant physiological and 

catchment ecohydrological processes in the high- 
rainfall catchments of the MDB (McVicar et al. 2010) 
and of water availability and ET in the MDB (Roderick 
and Farquar 2011).

4.2. What is our understanding of the risks posed 
to water yield by plantations now?

While in 2006 our understanding of the hydrological 
effects of afforestation was not perfect, it was reason-
ably robust. Our scientific understanding of these 
effects has changed little since then. Good observed 
databases are now backed up by models that can be 
used to predict the likely consequences of afforestation 
on both annual and seasonal streamflows and how 
these effects might vary if plantations are located 
within different parts of a catchment (Figure 4; 
Gilfedder et al. 2010).

At the time, predictions of changes to streamflow 
following afforestation in various countries were largely 
based on small experimental catchment studies that 
were generalised by Zhang, Dawes, and Walker (2001) 
into single grassland and forest rainfall:runoff curves. 
Since then, Zhang et al. (2011) have shown, through 
a statistical analysis of long-term streamflow trends in 
15 small and large catchments in southern Australia, 
that irrespective of catchment size, the relative stream-
flow reduction due to afforestation is linearly related to 
percentage plantation area in a catchment (Figure 5). 
There have been some nuanced arguments over the 
most appropriate model to apply to Australian condi-
tions (Greenwood, Benyon, and Lane 2011; Greenwood 
et al. 2014) but broadly speaking the underlying science 
has changed little.

Some of the main generalisations we can continue to 
make with confidence are as follows (see also Keenan 
et al. 2004a, 2004b; van Dijk and Keenan 2007):

Figure 4. Modelled effect on streamflow of an additional 4000 ha of plantations (an increase from 16,000 to 20,000 ha) in the 
Adjungbilly catchment in southern NSW, with streamflow reductions varying from 2,000 ML year−1 (lower dashed line) to 8,000 
ML year−1 (upper dashed line) depending on location within the catchment. Also shown is the effect of planting the entire 
catchment, starting either with the lowest impact areas first (blue line) or the highest impact areas first (red line). (Figure ES 2 from 
Gilfedder et al. 2010).
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● Mean annual runoff from catchments will 
decrease following land-use change from grass 
to trees (Bosch and Hewlett 1982, Brown et al. 
2005); the reduction can be reliably estimated 
using a simple water balance model (Zhang 
et al. 2001) and can be detected in long-term 
streamflow records in both small and large 
catchments.

● Reduction in mean annual runoff depends on the 
characteristics of the revegetation carried out and 
of the vegetation replaced. In south-eastern 
Australia, pine plantations yield less runoff than 
native eucalypt plantations, primarily due to the 
greater interception of rainfall by pines.

● Runoff reduction following afforestation is gener-
ally proportional to the percentage of tree cover. 
However, in small experimental catchments it can 
be difficult to detect a statistically significant 
change in water yield when less than 20% of the 
catchment has been afforested. This does not 
mean, however, that 20% of the landscape can be 
afforested without reducing water yield.

● Groundwater recharge under forest is lower 
than under pasture and crops and is often 
close to zero. Hence, plantations can lower 
water tables, the benefit or detriment from 
which will depend on the salinity of the 
groundwater, its potential to contribute to 
waterlogging or inundation and its potential 
for productive use.

● The rate of groundwater response to afforestation 
is usually much slower than the rate of runoff 
response. The discharge response will often lag at 
least decades behind the reduction in recharge. 
Afforestation has its greatest impact on absolute 
runoff in high-rainfall areas, however the greatest 

proportional reduction is in the low-rainfall areas 
or at times of low flow.

● The number of low or zero flow days is likely to 
increase following afforestation. Complete affor-
estation of small headwater catchments with 
mean annual rainfall of around 900 mm can 
increase the number of zero-flow days from 
a range of 0–50 to a range of 175–225 days 
per year.

● Runoff reductions are minor for the first 5 years 
after afforestation and are often greatest 10–20  
years after planting.

● Water yields from forests may slowly increase 
after 30 years of age as water use starts to decline 
in association with reduced growth rate.

● Forest thinning and forest clearing can lead to 
increased water yield, the magnitude of increase 
depending on the proportion of the forest cleared 
and the age of the trees.

What else we know now about water use of plantations 
and woody vegetation in southern and eastern 
Australia and the MDB?:

● From 2007 to 2010, research on plantation water 
use in the MDB focused on applying more 
detailed process-based models to various case- 
study catchments to better account for the local 
factors affecting changes in ET and annual and 
seasonal streamflow/groundwater recharge after 
afforestation (Gilfedder et al. 2010). This research 
suggested that location of afforestation within 
catchments can substantially modify their effects 
on water yield (Figure P1). Research also aimed 
to separate the effects on streamflows of recent 
climate change from effects of higher ET due to 

Figure 5. Observed relationship between percent plantation cover and relative streamflow reduction among 15 small and large 
(0.6 to 1136 km2) catchments in southern Australia, (from Zhang et al. 2011).
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afforestation and showed that important effects 
of both could be identified in long-term stream-
flow records and were independent of scale (e.g. 
Zhang et al. 2011).

● Research on plantation water use in areas with 
shallow groundwater has shown that pine and 
eucalypt plantations have similar water use once 
the canopy has closed and both species can use 
low salinity groundwater where it is accessible to 
tree roots in a transmissive, unconfined aquifer 
(Benyon et al. 2006, 2009, 2012, Benyon and 
Doody 2015). This research was used in licencing 
of commercial plantations for recharge intercep-
tion and groundwater use in the Lower 
Limestone Coast GMA of south east SA. 
Outside of South Africa, this is the only place in 
the world where plantation water use has been 
regulated (Greenwood 2013).

● Since 2009 there has been increased focus on 
using satellite-based remote sensing to map spa-
tial variation in ET (Guerschmann et al. 2009, 
SKM 2010). Satellite-based and modelling studies 
have also looked at natural ‘woody thickening’ 
due to elevated CO2 and climate change and its 
effect on ET (Macinnis-Ng et al. 2011).

● One study quantified the possibility of saving 
water (reducing ET) by removing woody weeds, 
especially willows from streams in the MDB 
(Doody and Benyon 2011; Doody et al. 2014).

What has changed most since 2006 is our under-
standing of the likely rate of plantation development 
in the MDB and the drivers of afforestation within 
the basin. As Zhang et al. (2011) demonstrated, the 
most important variable determining the hydrologi-
cal impacts of plantations is the percentage of 
a catchment converted from grassland to trees. At 
the time, the report was prepared in 2006, only 
a small proportion of new plantation development 
was in the MDB (from 1996 to 2005 only ~35,000 ha 
out of 822,000 ha (4.3%) of new plantations across 
Australia) (van Dijk et al. 2007). Almost 1 million ha 
of new plantations were established up to 2008, 
mostly in southern Western Australia, Victoria and 
Tasmania, with small areas in NSW, Queensland 
and the Northern Territory. Since then, few new 
plantations have been established and changes in 
economic drivers have seen conversion of planta-
tions back to agriculture. Plantations have also 
been impacted by bushfires. These have mainly 
been replanted. The national total commercial plan-
tation estate in 2019–20 was 1.77 Mha (Figure 3), 
down 10% from its 2014–15 estimate (Legg, Frakes, 
and Gavran 2021). A relatively small proportion of 
the intensive agriculture area of about 67 million ha.

The extent of plantations is clearly considerably 
lower than expected under the 2020 objective set 

back in the 1990s, with little change in the extent of 
plantations in the Basin since 2005. The areas shown 
in Figure 6 represent 375,805 ha., some 0.3% of the 
Basin area. Forest industry and government have put 
forward a recent target of 400,000 ha. of commercial 
plantations distributed across the current zones of 
timber industry activity (Australian Government 
2018) but little progress has been made towards this 
target.

While the expansion of commercial forestry planta-
tions no longer seems to be the major risk to water 
availability in the MDB that was perceived in 2006, 
new drivers may result in establishment of larger areas 
of woody vegetation with potential to increase ET. In 
particular, establishment of trees and other woody 
vegetation for ecological restoration and environmen-
tal services, including investment in carbon offsets 
(Figure 6). Landcare and environmental plantings 
have been occurring in the basin since the 1980s, 
often with the specific goal of reducing streamflow 
and water tables to reduce salinity and improve 
water quality. Carbon offset plantings have been 
occurring under various government and voluntary 
carbon project programmes since the early 2000s. 
These have been spread around the country, with 
some in the Basin (Figure 4), mostly in western NSW 
and Queensland in avoided deforestation and human 
induced regeneration (HIR) projects in the northern 
parts of the Basin (Evans 2018). Since 2014 the bulk of 
carbon investment has been through the AUD 
$2.55 billion Emissions Reduction Fund (Australian 
Government 2022), with voluntary purchases operat-
ing within the Carbon Farming Initiative framework 
expanding rapidly. Farmers are also looking to plant 
more trees on farms to meet carbon neutrality objec-
tives for their farm operation.

The hydrological consequences of revegetation and 
carbon farming are uncertain; however, we can make 
the following observations:

● Projects that do not result in net change in vege-
tation (e.g. Avoided deforestation) will have no 
net impact on ET over time. Land clearing rates 
are declining across Australia, so this is likely to 
have less effect on catchment hydrology in future.

● Most afforestation and revegetation projects are 
in lower rainfall areas, which do not contribute 
a large portion of water yield to the MDB.

● Concerns about potential impacts of large-scale 
revegetation on water use have been incorporated 
in climate policy. Changes to some policy con-
straints have recently been proposed (e.g. https:// 
consult.dcceew.gov.au/proposed-removal-of- 
water-rule-requirements), but regulators are con-
scious of potential risks and are likely to imple-
ment policy to prevent adverse water impacts if 
scale develops in regions of concern.
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● Larger-scale carbon investments are unlikely to 
occur in large blocks and cover whole catch-
ments. They are more likely to be in smaller 
plantings at farm scale. The challenge for invest-
ment in these projects will be the financial 
mechanisms to aggregate these plantings to 
enable larger-scale investment.

4.3. What are the knowledge gaps that should be 
addressed to best inform the revision of the 
Murray-Darling basin plan 2026?

There are two important questions related to forest cover 
and ET in the MDB: (1) how and where is the woody 
vegetation cover in the basin changing? (increases due to 
more plantations, revegetation and woody thickening 
versus losses due to land clearing, drought death, dieback 
and fires); (2) more generally for all woody vegetation in 
the MDB, how are rising CO2 and associated climate 
changes affecting the proportion of precipitation that 
becomes evapotranspiration?

There is, therefore, a need to change the focus from 
single issues such as plantation expansion, which can 
be important locally (e.g. rapid afforestation of 
a particular catchment), but low risk to the MDB as 
a whole, to examining net changes in woody vegeta-
tion cover over the entire basin and the relationship 
between potential evapotranspiration (ETp), actual 

evapotranspiration (ETa) and precipitation (P) from 
existing permanent forests, especially in the high 
water-yielding parts of the basin. Of non-irrigated 
land uses, conversion of grassland to forest has the 
greatest impact per unit of land area converted, but 
more widespread changes in agricultural land use may 
also have important impacts. Changes from annual 
pastures to perennial pastures or crops, for example, 
are expected to have relatively small impacts on eva-
potranspiration per unit of land area, but if under-
taken on a large scale could have important influences 
on hydrology, especially on groundwater recharge. 
While this has been identified as an issue in the past, 
and attempts have been made to quantify and predict 
the impacts of various agricultural land use changes in 
some catchments (e.g. Clifton, Daamen, and Horne 
2005), particularly in relation to dry-land salinity (e.g. 
Vaze et al. 2004), there appears to have been little new 
research on the subject in Australia in the past 15  
years. It is, however, something that needs to be con-
sidered in monitoring long-term changes in the water 
balance of the MDB.

4.4. What further research is needed to better 
quantify and respond to these risks?

● Remote sensing of woody vegetation cover 
change and evapotranspiration.

Figure 6. Plantation and carbon plantings and vegetation protection in the Basin. Note that the planting and protected area under 
the emissions reduction fund are approximate and the shading denote property boundaries rather than the actual area of 
planting. The plantation areas are from 2016 data (https://www.awe.gov.au/abares/forestsaustralia/forest-data-maps-and-tools 
/spatial-data/australias-plantations).
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● Studies of ET responses to rising CO2 and climate 
change in the more common forest types, espe-
cially in the high water-yielding parts of the 
basin.

● Improved accounting for vegetation change (i.e. 
land clearing, carbon and environmental 
plantings.

● Improved hydrologic modelling of the more 
water limited areas of the Basin that incorporate 
vegetation change.

5. Climate change and vegetation interactions

An element crucial to all afforestation/deforestation 
scenarios is how temperature increases, rainfall 
decreases and C02 enrichment will play out in evapo-
transpiration dynamics. The higher evaporative 
demand via higher temperature and vapour pressure 
deficits should lead to increased ET in forested land-
scapes. However, the effect of rising C02 may lead to 
higher water use efficiency (WUE). For example, 
Raupach, Havered, and Briggs (2013) modelled cli-
mate scenarios for the whole of Australia and con-
cluded that for cool temperate regions, higher 
temperatures and higher CO2 would effectively cancel 
each other out. There have been a limited number of 
studies on the effect of CO2 enrichment on eucalypts, 
but given the challenges in observing these responses, 
there remains a non-unified understanding. The 
Climate paper in this issue (Alexandra, 2023, this 
issue) will look at climate in detail. Here we discuss 
some aspects relevant to vegetation dynamics, func-
tioning and ET.

5.1. What was our understanding of the risk at 
the time of the CSIRO’s 2006 report ?

While climate change was identified as one of the risks to 
water resources in the MDB, the identified risks were 
direct, i.e. changes in rainfall and potential evapotran-
spiration. However, climate change is expected to have 
indirect consequences on water resources through effects 
on vegetation structure, composition and function

5.2. What is our understanding of the risk now?

The implications of the direct effects of reduced rain-
fall and higher evaporative demand have, if anything, 
sharpened, or at least been more closely matched with 
regional water resources (e.g. CSIRO 2012; DELWP, 
Bureau of Meteorology, CSIRO and University of 
Melbourne 2020; DELWP 2020). Alexandra (2023) 
considers these issues in depth, however it is salient 
to note that streamflow reductions of up to 50% are 
considered possible for some areas (e.g. southwest 

Victoria, DELWP, Bureau of Meteorology, CSIRO 
and University of Melbourne 2020). These rainfall/ 
runoff dynamics are not confined to changes in 
mean annual values but include the implications of 
changing rainfall regimes (i.e. greater rainfall intensi-
ties/lower duration) and rainfall and streamflow 
extremes (Khaledi et al. 2022). Notably, there is 
a body of evidence that shows some catchments in 
Victoria have not recovered from the Millennium 
Drought (Saft et al. 2015; Peterson et al. 2021). These 
are mostly in drier regions and therefore have a large 
effect on local water availability. However, in terms of 
total flow, it is the upland forested catchments in the 
Upper Murray that have the potential for the largest 
effect on overall flows. These are the high rainfall areas 
supporting high water using forests. The ET dynamics 
under future climates will be crucial in understanding 
how streamflow will vary.

The research in the past 15 years on climate–ET 
interactions includes studies that model streamflow 
responses and those with a greater emphasis on eco-
physiological processes. A common thread in the 
results from the ET-streamflow modelling of C02 

effects is a diversity of system responses, particularly 
in terms of the water-energy balance. Cheng et al. 
(2014) predicted a small runoff increase in energy 
limited forests, but an increase in ET and decreases 
in runoff for water limited forests and grassland, and 
energy limited grassland. The WUE gains in the latter 
three catchments were supplanted by increased 
growth and consequent increased ET. Ukkola et al. 
(2016) found no CO2 effect in wet or dry catchments, 
but significant increases in ET and decreases in 
streamflow in sub-humid and semi-arid catchments, 
due to increased greening from CO2 fertilisation. This 
is consistent with Cheng et al. (2014), with similar 
results reported from Roderick and Farquar (2011). 
Ukkola et al. (2016) found that the precipitation 
threshold for water limitation had changed signifi-
cantly in the previous three decades in the sub- 
humid systems.

Eucalypt forests across the MDB are resilient to 
inter-annual variations in climate, including rainfall. 
For example, during the prolonged Millennium 
Drought, there was no evidence of widespread dieback 
of forests (De Kauwe et al. 2020), although Mac Nally 
et al. (2011) reported declines in riverine forests and 
Bergstrom et al. (2021) suggested these forests were on 
the verge of collapse. Further, experimental studies 
have shown that eucalypts can maintain transpiration 
rates during heatwaves which contributes to evapora-
tive cooling, and limits thermal damage (Drake et al. 
2018; Griebel et al. 2020). However, some species may 
maintain transpiration rates under extreme drought, 
at the risk of incurring failure of the hydraulic system 
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and subsequent tissue death (Marchin et al. 2022). 
When drought is coupled with heat waves, substantial 
canopy die-back may occur in eucalypts. This was 
observed during the 2019/20 drought where large 
areas of forest were subject to canopy die-back (De 
Kauwe et al. 2020; Nolan et al. 2021b). Widespread 
canopy dieback during this drought, but not the 
Millennium drought, may have been due to the nature 
of the drought. The drought event in 2019/20 has been 
described as a ‘flash drought’, i.e. a rapid intensifica-
tion of drought conditions over a few weeks (Nguyen 
et al. 2021). Additionally, temperatures were the high-
est on record (Abram et al. 2021). The rapid intensi-
fication of the drought, combined with record high 
temperatures, led to soil moisture and foliar moisture 
conditions that were the lowest observed on record 
(Abram et al. 2021).

Climate change may also impact on suitable areas 
for plantations. A study by SMEC (2010) indicated 
that a drier climate may result in 9.7% less inflows to 
the MDB and a contraction of plantations to rainfall 
zones that receive greater than 800 mm y-1 mean 
annual rainfall. End-of-system flow under could 
reduce end of system flows by 25% across the Basin, 
with possible decreases of 69% in the driest areas. 
Compared to these changes, the estimated reduction 
in end-of-system flow of 0.8% attributable to a project 
52,000 ha increase in plantations was small and likely 
to be even lower given there has been limited planta-
tion expansion in the region to date. Changes in for-
ests in response to climate change such as in 
vegetation seasonality, rooting depth, depth of rain 
penetration in soil, and responses to increased CO2 

may partially offset effects of new forests on stream 
flow (SMEC 2010).

A long-term Free Air CO2 Enrichment (FACE) 
study has examined effects of elevated CO2 on 
growth and water use in dry-sclerophyll Eucalyptus 
forest and suggests that in low nutrient soils, the 
CO2 fertilisation effect would not reduce ET of nat-
ural dry sclerophyll eucalypt forests in eastern 
Australia (e.g. Gimeno et al. 2018). However, the 
effects of rising CO2 and climate change on growth 
and water use of natural forests in the wetter parts of 
the MDB and in Australia’s main plantation species 
are poorly studied.

5.3. Knowledge gaps

It is highly uncertain what impacts forest canopy die-
back due to severe droughts and heatwaves will have 
on forests, since many eucalypts can resprout after 
complete defoliation (Nicolle 2006). For example, 
Saintilan et al. (2022) argue that the stress reported 
by Bergstrom et al. (2021) was a standard physiological 
response to water stress, and recovery and even 

expansion of riverine forests have occurred since the 
Millennium Drought. Subsequent impacts on ET are 
therefore also highly uncertain. However, we expect 
that loss of vegetation cover and transition to alter-
native vegetation states may lead to an initial decrease 
in ET, similar to forest removal. As alternative vegeta-
tion states emerge, longer-term trends in ET are highly 
uncertain.

Under climate change, elevated CO2 has been pre-
dicted to lead to improved water-use-efficiency in 
vegetation, with plants needing to transpire less 
water for the same unit of carbon gain (Morison 
1985). However, despite decades of research there are 
still considerable uncertainties as to whether elevated 
CO2 manifests in ‘water savings’ for plants, due in part 
to complex responses of plants to water stress (De 
Kauwe, Medlyn, and Tissue 2021). Further, uncertain-
ties arise since forests may increase leaf area in 
response to elevated CO2, ameliorating any water sav-
ings (Tor-Ngern et al. 2015). Further, some forests 
may not respond to elevated CO2 due to constraints 
such as nutrient limitation (Jiang et al. 2020).

Some broader questions on the effects of afforesta-
tion and deforestation and on the effects of climate 
change on forest health and ET may also be relevant to 
the MDB:

● Increasing drought frequency and severity may 
increase forest drought deaths, which will usually 
reduce ET and increase streamflow (Adams et al. 
2012). Is this happening in the MDB and if so, at 
what scale?

● Broadscale changes in forest cover modulate 
energy and water fluxes: removal of forests 
reduces ET and increases land surface tempera-
tures. One study estimated that between 2003 and 
2012, variations of forest cover globally produced 
warming on land equal to ~18% of the global 
biogeochemical signal due to CO2 emission 
from land-use change (Alkama and Cescatti 
2016; Zeng et al. 2018). Increased woody vegeta-
tion cover and increased ET might cool other 
parts of the landscape, reduce ET at a landscape 
scale and potentially increase regional precipita-
tion. For example, Gohr et al. (2021) found sub-
stantial cooling effect on hot days of forests and 
wetlands in northern Germany with their 
increasing share of land cover. In a broad scale 
study across the US, Li et al. (2021) found forest 
loss increased surface albedo, decreased ET, and 
reduced leaf area index (LAI) resulting in 
increased annual warming in the arid/semiarid, 
northern, tropical, and temperate regions, domi-
nated by the warming from decreased ET and 
attenuated by the cooling from increased albedo.

● What is the effect of wet periods on forest and 
woodlands? How much do wet periods buffer 
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both vegetation and the catchments, and how 
might that change spatially?

5.4. What further research is needed to better 
quantify and respond to these risks?

Any discussion or quantification of vegetation water 
use must include climate drivers. Some of these are 
direct (rainfall, temperature, vapour pressure deficit, 
wind), but others are compounded effects. Fire events 
are intimately connected to climate via usually pro-
longed or intense dry periods, as is fire regime 
dynamics (warming and drying climate driving 
a change to fire regimes). However, the post-fire ET- 
streamflow is of course highly connected to the rainfall 
and evaporative demand. There have been studies that 
seek to separate the fire and climate effects (Guo et al. 
2021; Nolan et al. 2015), and Lane et al. (2010) com-
pared fire and climate change scenarios (which 
showed climate to be a larger effect that stand repla-
cing fire). However, there is much still to learn about 
how these interactions play out in a process sense. For 
example, what level of water stress causes trees to 
become more likely to die in a fire? Does the pre-fire 
water status influence recovery at the tree and stand 
scale? Whether a ‘Kuczera effect’ occurs or not is 
linked to stand regeneration dynamics, but what 
drives the regeneration trajectory?

While the foregoing is centred on fire, similar ques-
tions arise for any eco-hydrologic question. The sys-
tem feedbacks, particularly driven by the climate 
drivers, are likely to be important for vegetation sys-
tems. These are, however, not easy to evaluate. 
Further, there is the issue of scale of some of the 
research. Small catchment experiments are excellent 
for tying physiographic properties (e.g. vegetation and 
soils) and climate forcings to hydrologic responses. 
However, the extent to which these can be scaled up 
across the diversity of landscape properties contained 
in the Basin is a significant question.

6. Discussion and conclusions

Overall, this review has not revealed any one factor 
in forests, fire and forest management that poses 
a serious risk to the Basin water resources, but the 
potential for interactive impacts, mainly driven by 
climate dynamics exist. Both fire and afforestation 
effects on ET and streamflow were probably over-
blown at the time of the 2006 report and for a few 
years after. This is in no way a criticism of the 2006 
Risks report – the government policies pushing 
plantation expansion and the uncertainty around 
fire effects outside of ash forests were clear risks.

The largest uncertainties in predicting ET – 
streamflow from forested and woody landscapes in 

the Basin are related to climate. The upland forests 
of the southern Basin are particularly important in 
streamflow generation. The higher rainfall areas of 
these forests are energy limited. C02 fertilisation 
may not produce much more growth in these sys-
tems, allowing the increased WUE to compensate 
for higher temperatures. However, the interactions 
are not well understood, and more uncertainty is 
attached to fire effects on vegetation structure. It 
seems that the drier forests may be more at risk 
from temperature effects. Again, hydraulic regula-
tion or increased mortality may compensate for 
increased evaporative demand. Climate models are 
predicting changed rainfall patterns. How this plays 
out in the future may well have important interac-
tions with ET. The cool season rainfall decreases 
evident in Victorian catchments has had 
a significant impact on streamflow, and there are 
predictions of less rain days but more intense rain-
fall in warmer times of the year. Plant water avail-
ability, and extent and intensity of future bushfires, 
may be affected by these changed rainfall distribu-
tions. Increased extent and ET of woody vegetation 
may also lead to higher regional rainfall, but this 
effect needs further study in Australia and the MDB.

A further illustration of the complexities of 
understanding hydrologic interactions is research 
that has shown some catchments have not recovered 
from the Millennium Drought (Saft et al. 2016; 
Peterson et al. 2021), exhibiting persistent changes 
to rainfall-runoff ratios. While there is a forming 
census that the principal process at play is hydraulic 
disconnection (i.e. the vadose zone has become dis-
connected from streams) (Fowler et al. 2022), the 
interaction of other factors such as increasing eva-
porative demand and possible greening of vegetation 
in response to C02 enrichment may be contributing.

We do not think there are specific policy options 
that are required. To a large extent the policy levers are 
either the bigger picture climate changes issues (emis-
sion reduction) or the market-based influences on 
plantation expansion or contraction. Certainly, 
improved quantification of afforestation through car-
bon and environmental plantings would be useful, but 
in many instances the changes to the water balance 
may not be sufficient to alter Basin flows.

In summary, we suggest that the risks to the 
Basin’s water have not increased because of either 
fire or afforestation, but that there are many uncer-
tainties related to the interplay of vegetation, climate 
and fire and the compounding effects of these dri-
vers. There is a need for models that are able to 
adequately represent the heterogeneity in, soils, 
vegetation, extraction and impoundment points, 
and downscaled climate inputs that include the full 
distribution of rainfall events.
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