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ABSTRACT 
The 2019-20 bushfire season was unprecedented, commencing earlier than usual and 
burning large areas of eastern Australia over an extended period. In Victoria, the fires burnt 
approximately 1.2 million hectares of forest in the east and north-east of the State. 
 
The impact of bushfire on water yield has a long history of research based on generalised 
response behaviours. Regrowth of ash type eucalypt forests following a bushfire can result in 
increased water uptake as the densely populated juvenile forests consume more water than 
naturally thinned mature old growth forests. In mixed species forests, lower tree mortality 
and postfire bud sprouting would be expected to result in a different post-fire water yield 
response. In practice, water yield is influenced by the mix of age classes and tree species 
across the entire catchment. As multiple bushfires have burnt Victoria’s forested catchments 
over recent decades, the forests are made up of diverse stand ages and composition of 
regrowth species. 
 
Recent studies have found that climate drivers, such as drying trends and drought, may have 
a greater influence on the regenerated forest evapotranspiration than the relationship 
between forest age and water use. The future climate for Victoria is projected to be drier, 
with increased temperature and decreased rainfall. This is likely to contribute to more 
frequent bushfires, which may disrupt forest regeneration and trigger species transition. 
 
This paper considers these complex interactions to discuss the potential water yield 
implications in Victoria’s forested catchments from the 2019-20 fires, and compares these to 
the projected impact of climate change directly on rainfall and streamflow. The paper 
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highlights that the direct impacts of a drying climate on future water availability are likely to 
be greater than the potential impacts of the recent fire. This information is important for 
water resource managers to help focus resources and investment for the ongoing 
management of their supply systems.  
 

INTRODUCTION 

Significant bushfires over the past few decades have burnt large areas of Victoria’s forested 
catchments. This includes the following fires (also shown on Figure 1): 

 2003 alpine fires: more than 1.3 million hectares of forest was burnt in eastern Victoria and 
southern NSW. 

 2006-07 bushfire: burnt more than 1.2 million hectares in eastern Victoria including 130,000 
hectares that was also burnt in 2003. 

 2009 Black Saturday: over 430,000 hectares burnt. While this is less than the areas burnt by 
the two fires that occurred a few years earlier, the severity of this fire means it is considered 
the worst in Australia’s history. 

 2019-20: more than 1.5 million hectares was burnt, including large areas of eastern Victoria 
and southern NSW. This fire also overlapped some areas previously burnt in 2003 and 
2006/07. 

 

Figure 1: Forested catchments burnt in Victorian bushfires in 2003, 2006-07, 2009 and 2019-20 

 

In addition to causing significant impacts on local communities, the environment and infrastructure, 
there is an understandable concern about the impact of these bushfires on catchment water yield, both 
immediately following the fire and over the long term. 

This paper aims to synthesise the historical and emerging science on fire hydrology, to provide a 
contemporary understanding of the influence of bushfires on catchment water yield for practitioners in 
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the water industry. The paper also aims to provide information to the reader about the complex 
interactions between bushfires and other issues affecting catchment yield, particularly climate 
variability and climate change, to consider the overall risk to water supplies. 

 

HOW FORESTS INFLUENCE CATCHMENT WATER YIELD – A BRIEF HISTORY OF 
THE SCIENCE 

Understanding forest response to bushfire 

Streamflow impacts from a bushfire are highly variable and depend upon characteristics such as: 

 The type and age of the forest vegetation before the fire. Vegetation water use varies between 
species. Typically, a younger forest takes up more water than a mature forest due to greater 
stand density in the younger forest. 

 The severity of the bushfire. The mortality response of the tree is influenced by fire intensity.  

 The nature of, and rate of, recovery of vegetation after the fire. Different tree species will 
recover from fire in different ways. 

 The pre- and post-fire climate conditions. Rainfall conditions prior to and following a fire 
influence the availability of excess water for runoff to streams. 

For obligate seeder ash species (for instance Mountain Ash and Alpine Ash), medium to intense fires 
cause widespread mortality. Regeneration relies upon heating of their seeds in the fire, assuming they 
have reached seed-bearing age (approximately 20 years). When this occurs, a very dense, single age 
forest regenerates. The forest naturally thins as it matures. These species typically occur in higher 
elevations where there is more rainfall. 

Other species respond in different ways. Many eucalypts have been observed to survive fires even if 
their canopy was scorched. These species can visually appear dead but resprout from the base of the 
tree (basal resprout – such as snowgums) or from the trunk or major branches (epicormic growth – 
such as mixed species), so that the original tree fully recovers. The scarcity of high severity fires 
through these forests (and hence few research observations into the associated response) meant that 
there was a limited understanding of the mortality response of mixed species until recently. Prior 
information for these forests was inferred from logging studies, which were assumed to mimic 
mortality events.  

Conceptualising forest hydrology 

Research into these response drivers and how they interact to influence catchment water yield 
following a fire event dates back to the 1970s. Investigations in Melbourne’s catchments in the 
decades after the 1939 fire have been pivotal to hydrological understanding. Initial research 
demonstrated a decline in streamflow after the fire relative to rainfall (Langford, 1976). Shortly after, 
Kuczera (1985, 1987) identified a relationship between forest age and streamflow (Figure 2).  

The Kuczera curve is based on research in the wet eucalypt forests of Victoria’s central highlands 
which are dominated with ash species; hence the model is predicated on complete mortality of the tree 
stands in the extensive 1939 fire. The hydrological response in the Kuczera curve is shown relative to 
the pre-fire state, which is assumed to be old growth. The curve also assumes that the forest will 
eventually return to the same old growth state. The curve shows a protracted reduction in streamflow 
can occur while the forest regenerates due to the relatively high water use of a young, densely 
populated forest compared to a mature forest which has naturally thinned due to within-stand 
competition. The streamflow recovers as the maturing forest stand density reduces. 

The Kuczera curve does not include an increase in streamflow immediately following the fire. 
Subsequent research refined the Kuczera response to incorporate this short-lived increase in flow due 
to the removal of forest cover by the fire (Figure 2; Watson, 1999), which partially offsets the 
subsequent flow decrease.  
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Figure 2: Kucera curve and confidence limits (Kuczera 1985, 1987) shown in solid black and 
grey lines respectively alongside the alternative model developed by Watson (1999) in dark 

black dashed lines (Sourced from Watson et al., 1999) 

 

Information on other species of eucalypt forests has been limited and variable. In the absence of other 
information, the impact of logging in mixed species forests was used as a surrogate to understand 
post-fire response. Observations consistently note a post-logging flow increase however the reports of 
longer-term response are variable. Some studies show decreases in streamflow due to the regrowing 
forest (Cornish, 1993; Cornish and Vertessy, 2001; Lane and Mackay, 2001; Webb and Jarrett, 2011; 
Webb et al., 2012) while others do not observe flow reductions (Webb et al., 2012; Webb and Jarrett, 
2013). In addition to the inconclusive hydrologic responses observed, logging studies inherently 
assume complete mortality and do not clarify which fire severities cause mortality.  

In the absence of other evidence, the Kuczera curve has often been used as the basis for studies 
investigating the impact of forest disturbance on hydrology, applied assuming it reflects a general 
trend in streamflow response regardless of forest composition or disturbance process.  

 

EMERGING RESEARCH 

The large bushfires across Victoria in the 2000s provided research opportunities to enhance our 
understanding of forest response to fire across a broader range of species, age and fire intensity 
profiles.  

Ash species and the Kuczera curve 

Recent studies have revisited the Kuczera curve for ash forests, confirming the general characteristic 
that water use of regrowing forests is greater than that of mature old growth forests (Buckley et al., 
2012; Brookhouse et al., 2013), and highlight the importance of this on catchment yield in the first 
decade (Buckley et al., 2012) or two (Brookhouse et al. 2013) after the fire. This is earlier than 
suggested by the original Kuczera model. Brookhouse et al. (2013) also note that recovery relative to 
pre-fire conditions occurred several decades earlier than the original Kuczera curve. Bren et al. (2010) 
also confirmed the general shape of the Kuczera curve, however were not able to replicate the same 
absolute changes in streamflow due to reduced rainfall conditions compared to the Kuczera 
catchments. 

These recent findings have caused researchers to consider whether the Kuczera curve is just one 
example of the recovery profile, very specific to the catchment conditions and forest characteristics at 
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the time of the 1939 fire, rather than a general response. This hypothesis is an ongoing research topic. 

Mixed species response to fire 

Nolan et al. (2014a, 2014b) investigated the post-fire response of mixed species, observing a Kuczera 
type curve compressed in both time and magnitude: a response immediately following the fire, forest 
recovery/regrowth occurring around 2 - 4 years after the fire and full recovery after approximately 10 
years (Figure 2). The response during the regrowth and recovery phase could range between a 
relatively small increase or small decrease in runoff depending on fire severity. Gharun et al. (2013) 
and Heath et al. (2016) also found that the post-fire response and recovery was more rapid for mixed 
species forests than the Kuczera curve describes for ash species. The epicormic response of mixed 
species is noted as one reason for the difference, with research such as Bennett et al. (2016) finding 
relatively low (10-20%) mortality rates even for hot fires. 

 

Figure 2: Proposed recovery trajectories of total evapotranspiration in mixed species forest 
burnt at moderate and high severity fire. The projected rate of recovery is based on Et 

measurements between 1 and 5 years post-fire and recovery times for vegetation structure 
reported in published literature (Nolan et al., 2015). 

 

Consistent with these observations of plant water use from mixed species forests, Nolan et al. (2015) 
confirmed a moderate severity fire can cause reduced streamflow regardless of the climatic 
conditions, however the greatest reductions in flow are expected when a fire occurs during a dry 
period. In contrast, they found a high severity fire might increase flow during the regeneration phase 
due to changes in the forest structure. 

Climate influence on forest response 

Some of the recent large fires in Victoria have occurred concurrently with severe drought conditions. 
This is important since the catchment may be in a water-stressed state prior to the fire, experiencing 
reduced catchment yields relative the long term average conditions. As noted above, a high severity 
fire in a mixed species forest might offset the rainfall influence of a drought (Nolan et al., 2015) or 
even increase the runoff in the absence of drought. In contrast, a moderate fire in a mixed species 
forest is expected to lead to larger declines in flow compared to that of drought alone, although these 
impacts are relatively small and short lived. 

Modelling simulations undertaken following the 2009 fire provide further information on the 
importance of rainfall on streamflow impacts (Feikema et al., 2013). Under wet conditions, forest age 
was identified as the main driver of streamflow response. Conversely, during dry conditions, annual 
rainfall was found to be the best predictor of post-fire change in catchment yield. Furthermore, the 
initial increase in streamflow expected following a fire may not be observed during dry periods given 
there is a soil moisture deficit that must first be balanced. It is worth noting that Feikema et al. (2013) 
draw upon the historical assumptions for the mixed species response, so may not be compatible with 
the latest eco-hydrologic science for these forests. Regardless, they confirm that rainfall is a major 
influence on streamflow yield, and that the influence of fire can be second order particularly when the 
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water use of a regrowing forest is limited. 

Similarly, modelling studies of Victoria’s Thomson catchment found that medium (7.1% average 
annual rainfall reduction) and high (13.8% average annual rainfall reduction) climate change 
scenarios would have a greater streamflow impact than even the most severe fire with 100% mortality 
rate (Lane et al., 2010). 

More recently, Khaledi (in press) looked at the average streamflow response to fire in 92 catchments. 
The results showed that climate variables, such as rainfall and potential evapotranspiration, were the 
main drivers of variability in streamflow, with fire having a lesser influence. This study also noted 
that climate modes (such as El Nino-Southern Oscillation, Interdecadal Pacific Oscillation, Southern 
Annular Mode and Indian Ocean Dipole) had a greater influence on streamflow variability than fire 
over the time period assessed.  

Heath et al. (2016) note the influence of climate, particularly rainfall, on the recovery of mixed 
species after a fire, observing that recovery is slowed by drought. In general, resprouter species 
(including mixed species forests) respond very quickly to increased rainfall (Bradstock, 2008). 

Investigations into climate influences on plant development has found that the water use of eucalypt 
species is influenced by maximum temperature and vapour pressure deficit (Pfautsch et al., 2010; 
Gharun et al., 2013). Pfautsch et al. (2010) also assessed the total forest water use of ash species with 
acacia understorey and found a 2% increase in water use for each 0.25°C increase in maximum 
temperature when water is not limiting. 

 

WHAT DOES THIS MEAN FOR THE WATER SECTOR? 

The interaction of several eco-hydrologic processes means that quantifying the streamflow impacts 
following a fire can be complex. However, we can consider these scientific findings in light of the 
broader context to weigh up the relative importance of different influences on catchment yield.  

Clearly, the mosaic of burn severity, tree species and forest age across a catchment is important. The 
overall impact on water yield will be influenced by the mix of age classes and tree species in the 
catchment, which may include areas affected by fire and others that are not. What does this mean? 
Any increase in water use from younger stands may be offset elsewhere in the catchment, minimising 
the detectable change in water yield.  

Climate conditions are a major driver of catchment yield. Climate variables and climate modes tend to 
have a greater influence on streamflow variability than fire. What does this mean? Streamflow 
impacts from bushfires can be second order compared to the influence of climate. 

Observations of a streamflow increase immediately following a fire are inconsistent. This response is 
likely to depend on the soil moisture conditions at the time of the fire since water is taken by the trees 
before reaching a stream. What does this mean? The short-term streamflow response immediately 
following a fire depends on the antecedent catchment conditions, influenced by the severity and 
duration of a concurrent dry spell.  

While not described above, research into future fire weather indicates more extreme conditions will 
occur more frequently (Lucas et al. 2007). They also report that fire seasons are expected to start 
earlier and finish later, and be more intense throughout the entire season. What does this mean? 
Shorter intervals between fires mean that large areas of the forest may have a younger age profile 
more often, and the water use of the forest could be elevated compared to mature forest water uptake. 
The forest species will influence the significance of this shift.  

More frequent fire events may also cause regeneration failure of the dominant species which can 
trigger species transition to fire-tolerant species. For instance, ash species reach seed-bearing age after 
15-20 years. Repeat fires within a short period of time may limit the volume of seed available for 
regeneration. Replacement by other species, such common understorey species like Acacias which 
use less water, would produce more streamflow but be ecological damaging. What does this mean? A 
number of fires in short succession may alter the catchment rainfall-runoff response. 

When considering these issues and the emerging science, it is clear that assumptions incorporated into 
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earlier modelling studies have evolved. The generalised applications of the Kuczera curve may not 
accurately reflect the different response profile for different species and different fire severities. 
Modelling work to quantify the impacts of the 2003, 2006/07 and 2009 Victorian fires, such as Hill et 
al. (2006), Mannik et al. (2009) and Feikema (2013) respectively, is likely to have overestimated the 
impacts on water resources by assuming the ash response was broadly applicable to other forest types. 
What does this mean? More recent findings for mixed species suggest that these trees are more 
resilient to fires with reduced mortality and faster recovery, and hence the streamflow impacts are not 
expected to be as severe as reported in previous modelling studies.  

Practitioners should also be mindful of the context in which modelling results can be presented.  
Often, estimated yield impacts are reported relative to either the pre-fire average conditions or the 
expected flow for the catchments given an assumed future ‘no-fire’ state.  

In the case of the comparison to average yields, this does not fully account for the climate (and 
catchment) state at the time of the fire. The influence of climate variability and climate change (with 
reduced annual rainfall) means that catchments can be shifted from their ‘average’ state at the time of 
the fire. For instance, streamflow conditions may be reduced due to below average rainfall. 
Compounding this issue, catchments may continue to persist in a state of hydrological drought even 
after a meteorological drought has ended (Saft et al., 2015, Peterson et al., 2021 and DELWP et al., 
2020). What does this mean? The broader conditions should be taken into account when interpreting 
modelled estimates of yield impacts. 

Turning to the evaluation of model results relative to expected flow conditions assuming no future 
fires, the intent of this comparison is to enable the ‘lost’ water to be quantified. However, future 
disturbances mean that forests may not reach maturity. This has obvious streamflow impacts making 
this estimate of ‘lost’ water misleading. What does this mean? Any change in conditions in the future, 
such as additional fires or climate change, will influence future streamflow yield. Modelled estimates 
of yield impacts should be interpreted accordingly. 

The overarching message coming from this assessment is that the streamflow impacts following a 
bushfire may not be as significant as previously assumed.  

 

WHAT STREAMFLOW RESPONSE IS EXPECTED AS A RESULT OF THE 2019-20 
FIRES? 

The 2019-20 bushfire season was unprecedented, commencing earlier than usual, burning large areas 
of eastern Australia over an extended period. In Victoria, the fires burnt approximately 1.2 million 
hectares of forest in the east and north-east of the State. 

Figure 3 shows the area and severity of the fire across Victoria, highlighting that large areas were 
impacted by high severity fire. The fire predominately burnt mixed species forest which has a greater 
tolerance to fires than ash species and, as described above, a different eco-hydrological response. 
Almost 60,000 ha of ash species was also affected (reflecting approximately 5% of the total area 
burnt), including more than 11,000 ha of ash which had also been burnt in previous fires through the 
region (DELWP, 2021). These previously burnt areas had not yet reached seed bearing age 
(approximately 20 years).  
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Figure 3: Distribution of burn severity across Victoria from 2019-20 bushfires. Sourced from 
DELWP (2021).  

 

Information on the characteristics of the burn and the current scientific understanding of forest 
response to fire can be used to qualitatively consider the hydrological impact of the 2019-20 fire. 
Large areas of mixed species forests were burnt and only a small proportion of the total fire area 
affected ash species. Mixed species forests are able to withstand most fires and have a faster recovery 
rate than ash species. Increases in yield are possible in mixed species forest burnt with a high severity 
fire, whereas streamflow decreases are expected in response to medium severity fire. The balance of 
these different responses will dominate the overall streamflow impact. While ash regeneration has a 
longer and more severe hydrologic impact compared to the water use of other forests (including old 
growth ash species and mixed species forests), the relatively small area of ash burnt in 2019-20 means 
that this is likely to have a small, localised quantitative impact on streamflow. Combining the logic on 
mixed species and ash, the overall hydrologic impact of the 2019-20 fire is expected to be relatively 
small and short-lived. 

Published streamflow impacts from mixed species forests report a 10-25% reduction in flow from a 
medium severity fire in the first five years after the fire whereas flow increases are expected from a 
high severity fire (Nolan et al. 2015). Hence, the mosaic of medium and high severity burn areas of 
the 2019-20 fires may actually balance these flow impacts. Recovery to pre-fire conditions is expected 
in approximately 10 years.  

Further to this, climate and antecedent catchment conditions also influence the streamflow response 
with drought a major driver of streamflow reductions. This means that any streamflow response to the 
2019-20 fire is intertwined with the rainfall conditions of the recent past and those that may occur 
over the coming years. Rainfall deficiencies across large areas of Gippsland were considered severe or 
lowest on record for at least 48 months prior to the fires (BOM, 2021). Pre-fire streamflows were also 
below average as a result. Since the fires, both rainfall and streamflow have been close to or above 
average for the region.  

As less than two years has passed since the fire, the catchments can be considered to be within the 
initial period of response immediately following the fire. During this time, we might expect to observe 
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a potential increase in runoff based on the generalised response profile. Consistent with this, 
streamflows across the region have generally recovered compared to the pre-fire drought state 
however it is difficult to attribute this response to the improved rainfall conditions or the fire. 
Working against these drivers of increased runoff, the dry antecedent conditions at the time of the fire 
may act to dampen any potential increase in runoff immediately after the fire, since soil moisture 
deficits are restored before the water reaches the streams.  

Potential reductions in streamflow as a result of the fire, if they occur, will not be evident for a 
number of years. If the current above average rainfall conditions persist, they may mask any potential 
decline in flow from the fire in the future.  

Looking further ahead, most climate models predict a warmer and drier future for Victoria (DELWP 
et al., 2020). For instance, under the RCP8.5 emissions scenario, average annual rainfall in the 
Mitchell River catchment in Gippsland is predicted to change by between +2% and -19% by the year 
2065 for the low and high projections respectively, relative to historical conditions centered around 
1995. The associated projections for average annual runoff suggest the 2065 runoff could be between 
+2% above and -45% below 1995 conditions (DELWP, 2020). While there is a range in these rainfall 
and runoff projections, the projections indicate that a drier future is likely in this area. Further east in 
Gippsland the projections show a reduced drying signal, with the direction of change in future rainfall 
and runoff not as clear.  

Future climate projections are reported as average annual changes. However, variability around these 
averages could result in much greater changes. This is important when comparing to bushfire impacts, 
which, on first glance, may appear to have a similar proportional impact on runoff as climate 
projections. However, the maximum reduction in streamflow from a fire reflects the peak impact 
which lasts for a relatively short period, rather than a long term average change like those presented 
for climate projections. As such, climate induced impacts on streamflow have the potential to be 
larger in magnitude and be observed over longer time periods compared to the impact of the 2019-20 
fire. 

The above discussion assumes that the area burnt in 2019-20 was populated by mature forest. 
Unfortunately, previous fires across the Gippsland region mean large areas burnt in 2019-20 had also 
been burnt in other fires since 2003. Hence, the streamflow conditions across the region were already 
incorporating the response of these recovering forests. The discussion of future runoff impacts also 
assumes the area is not burnt again in a future fire. Research into future fire weather has found that 
dangerous fire seasons will become more common (Lucas et al., 2007), making this assumption 
unlikely to hold.  

Streamflow observations across a number of gauges in Gippsland indicate flow conditions were below 
average for a number of years prior to the fire. Since then, runoff has recovered to above average 
conditions. This inherently incorporates the impacts of both climate and fire. The interaction of these 
processes will continue to influence the streamflow conditions observed in the years and decades to 
come.  
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