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Abstract

Bushfires are common in Australia and can cause vegetation loss and affect hydrological processes such as interception, evapo-

transpiration, soil water storage and streamflow. This study investigates bushfire impacts on catchment mean annual streamflow

for 14 Australian catchments that have been severely impacted by the 2009 Victoria bushfire, the second worst bushfire disaster

in Australia. A statistical approach based on sensitivity coefficients was used for quantifying the climate variability impacts on

streamflow and the time-trend analysis method was used to estimate the annual streamflow changes due to bushfire respectively.

Our results show that bushfire has caused a noticeable increase in mean annual streamflow in majority of burnt catchments for

an immediate post bushfire period (2009-2015), when the bushfire impact on streamflow is evidently larger than the climate

change impact. Furthermore, the bushfire impact on mean annual streamflow linearly increases with the burnt percentage

area. These results provide strong evidence for evaluating large-scale bushfire impact on streamflow at small to medium sized

catchments, and guidance for process-based hydrological models for simulating bushfire impacts on hydrological processes for

the immediate period after bushfire.

Introduction

Hydrologic systems are dynamically influenced by both anthropogenic activities and natural variability
(Pathiraja et al., 2016). Among them, bushfire is an important cause of hydrological change in fire-prone
landscapes (Shakesby & Doerr, 2006). Bushfire can result in vegetation loss and post-fire microenvironment
temperature rise, which can change hydrological processes such as interception, evapotranspiration and soil
water storage. Effects of bushfire on streamflow can be estimated using the paired catchments method (Liu
et al., 2004). Many studies have been conducted to understand the hydrological change due to vegetation
cover changes using the paired catchment method (Brown et al., 2005; Loon et al., 2019; Zégre et al.,
2010). However, the paired catchment analysis has drawbacks since it only involves small catchments and
is expensive to conduct (Zhang et al., 2011). An alternative method is to use the time-trend analysis which
does not require control catchments and can be applied to small to large catchments.

Apart from anthropogenic activities, climate variability can significantly affect streamflow and should be
considered when evaluating the streamflow response to vegetation change due to bushfire (Lane et al., 2005;
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Zhang et al., 2011). Several methods have been developed and applied to separate the effects of vegetation
change and climate variablity (Tuteja et al., 2007; Zhang et al., 2008; Zhao et al., 2012). These methods
firstly identify key factors affecting streamflow and estimate the total streamflow changes using observed
data. The second step is to determine the changes in streamflow due to the key factors such as vegetation
change caused by bushfire and then to attribute the remaining changes to other factors such as climate
variability. These methods can provide consistent estimates of vegetation change and climate variability
impacts on streamflow in the catchments being considered (Zhao et al. (2010)).

Many attempts have been made to quantify the impacts of bushfire on hydrology in the past five decades
(Anderson et al., 1976; Brown, 1972; Daniell & Kulik, 1987; Neary et al., 1999; Robichaud et al., 2000;
Tiedemann et al., 1979). Some recent studies mainly focused on hydrological modeling in bushfire impacted
catchments, aiming to better estimate the streamflow variation under bushfire impacts (Folton et al., 2015;
Heath et al., 2014; Mannik et al., 2013; Papathanasiou et al., 2015; Seibert et al., 2010; Zhou et al., 2015).
To date, most of these studies mainly investigated or evaluated the bushfire impacts on streamflow but few
of them quantified the impact of climate variability.

This study aims to quantify the climate variability and bushfire impacts on streamflow for 14 catchments
located in Victoria, Australia that have been severely burnt by the 2009 Victoria bushfire, the second severest
national bushfire disaster. The specific objectives are: i) investigating annual streamflow trends from the 14
catchments; and ii) separately estimating the vegetation change caused by bushfire and climate variability
impacts on streamflow using time-trend analysis and statistic sensitivity-based model

Catchment Descriptions and Data

2.1 Catchment Description

On Saturday 7 February 2009, the state of Victoria Australia experienced the highest temperature on record
with 46.4°C followed by severe bushfires that burnt an area of over 350,000 hectares and caused 173 deaths,
which was the second severest among Australia’s worst natural disasters (Biondi & De Luca, 2015; Foster
et al., 2011). According to Cai et al. (2009), the 2009 bushfire event was preceded by a positive Indian
Ocean Dipole (pIOD) event more so than El Niño events. More specifically, the lower rainfall and higher
temperatures produced by pIOD aggravated the dry conditions that finally caused the wide range of bushfire
in Victoria. As a result, around 363 km2 of forests in the Melbourne water supply catchments (Feikema et
al., 2013) and approximately 24 gauged catchments in Victoria were affected by this severe bushfire event.

<Figure 1 Here Please>

This study selected 14 unregulated catchments that without major water storages or extraction for human
use burnt during the 2009 Victorian bushfire. These catchments are located within the southern part of
Victoria, Australia (Figure 1). They are small to medium in size, ranging from 84.76 km2 to 629.16 km2.
Their mean slope ranges from 14.2% to 32% and their mean elevations range from 273.1 m – 968 m. Soils in
these catchments are characterized by deep gradational friable earths or loams as well as some shallow stony
earths (Feikema et al., 2013), and they are generally deep with high hydraulic conductivities (Campbell,
1999). The vegetation types in this area are mainly wet sclerophyll Eucalyptus forests known as ash-type
eucalypt forest dominated by E. regnans F. Muell. and E. delegatensis R.T (Feikema et al., 2013). More
detailed catchment information is summarized in Table 1.

<Table 1 Here Please>

Apart from the preliminary summary of selected burnt catchment attributes, detailed various fire severity
proportions of total burnt percentage for burnt catchments were also collected (see Figure 2). Burnt area
in majority of catchments are classified as high fire severity such as Crown Burn and Crown Scorch, except
some lightly burnt catchments (e.g. Frenchman Ck Jun and Jamieson). Some catchments with relatively
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low burnt percentage have more severe burns. For example, the Murrindindi above Colwells only has 58.9%
burnt percentage, but it is mainly composed of crown burn and crown scorch.

<Figure 2 Here Please>

2.2 Streamflow and meteorological data

The daily streamflow data used in this study were obtained from the Australian Bureau of Meteorology
(http://www.bom.gov.au/water/). The climate data including daily precipitation (P), daily incoming solar
radiation, daily vapour pressure, daily minimum air temperature, and daily maximum air temperature came
from the SILO Data Drill produced by the Queensland Department of Environment and Resource Mana-
gement (https://legacy.longpaddock.qld.gov.au/silo/). The SILO data has reasonably good quality since its
mean absolute error between gridded and gauged data at gauged locations is 1.0°C, 1.4°C, 0.15 kPa and 0.40
mm/day for maximum daily air temperature, minimum daily air temperature, vapour pressure, and preci-
pitation, respectively (Jeffrey et al., 2001). The daily PET was calculated from Morton’s wet environment
algorithms (Morton, 1983). Catchment attributes and boundaries were obtained from a dataset generated
by Zhang et al. (2013). Apart from the above, this study also used bushfire severity maps obtained from the
Victoria Department of Environment, Land, Water & Planning (https://www.data.vic.gov.au/data/) with
an estimated accuracy of 95%, which are shown in red in Fig 1.

Methods

3.1 Time-Trend Analysis Method

Time trend analysis method can be applied in single catchment studies based on the rainfall-runoff relati-
onships in different periods without the need of a control catchment (Bosch & Hewlett, 1982). This method
is mainly used for detecting streamflow changes with vegetation variations due to anthropogenic activities
such as plantations or natural variability such as bushfire. This method first constructs and evaluates the
regression relationship between rainfall and runoff during the calibration period (the pre-bushfire period in
this study), and then estimates streamflow using observed precipitation during the testing period (the post-
bushfire period in this study). The differences of observed and predicted streamflow represent the vegetation
change impacts on streamflow in the testing period. The equation can be expressed as follows (Lee, 1980):

During the calibration period:

Q1 = f(P1) (1)

During the testing period:

Q
′

2 = f (P2) (2)

Qveg = Q2 −Q
′

2(3)

where P1 and P2 represent annual precipitation (mm) during calibration and testing period respectively.
Q represents measured streamflow (mm) and Q

′
represents predicted streamflow (mm).Qveg is the bushfire

induced change of average annual streamflow (mm). The function expressed in equation (1) and (2) can be
either linear or nonlinear depending on the rainfall-runoff relationships in the specific catchments.

3.2 Statistics for Evaluation of the Regression relationships

As mentioned above, the regression model between rainfall and runoff in a catchment should be evaluated
once it has been constructed. Following Legates and McCabe Jr (1999), four statistics generally used were
applied to indicate the accuracy of the regression relationship between rainfall and runoff, which are: the

3
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coefficient of determination (R2), The modified coefficient of efficiency (E1), the modified index of agreement
(d1), and the mean absolute error (MAE). They are defined as

R2 =

{ ∑N
i=1 (Oi−O)(Pi−P )

[
∑N
i=1 (Oi−O)]

0.5
[
∑N
i=1 (Pi−P )]

0.5

}2

,(4)

E1 = 1.0−
∑N
i=1|Oi−Pi|∑N
i=1

∣∣∣Oi−O∣∣∣ ,(5)

d1 = 1.0−
∑N
i=1|Oi−Pi|∑N

i=1

(∣∣∣Pi−O∣∣∣+∣∣∣Oi−O∣∣∣) ,(6)

MAE = N−1
∑N

i=1 |Oi − Pi|, (7)

where O and P are the observed and predicted data,O and P are the mean value of observed and predicted
data, and N is the number of paired observations.

Confidence limits for the mean (Snedecor & Cochran, 1989) were designed to indicate a confidence interval
for the mean. In our study, a confidence coefficient of 95% is utilised to represent the confidence limits, which
are calculated as:

Y ± t(α2 , N−1)σ/
√
N(8)

where Y is the mean of the sample, σis the standard deviation of the sample, N is the size of the sample,α
is the significance level, andt(α2 , N−1) is the upper critical value of thet distribution with N − 1 degree of
freedom. The confidence coefficient is 1− α.

3.3 Estimating the Effects of Climate Variability and Bushfire Impact on Stre-
amflow

The total mean annual streamflow changes in a given catchment can be estimated as following:

Qtot = Q2

obs

−Q1

obs

(9)

where Qtot is the total changes of mean annual streamflow (mm), Q1

obs

andQ2

obs

is the measured mean
annual streamflow in the calibration period and testing period respectively.

Climate variables (i.e. rainfall and potential evaporation) and catchment characteristics (i.e. vegetation
change) are key aspects that alter hydrological processes. However, the interaction mechanism in the water
cycle is complex. For catchments with bushfire impacts, it is assumed that the total changes of mean annual
streamflow can be composed of the climate variability induced and the vegetation change induced, which are
calculated as

Qtot = Qclim +Qveg (10)

where Qclim and Qveg is the mean annual streamflow change (mm) caused by climate variability and vege-
tation change (e.g., bushfire) respectively.

The mean annual streamflow change due to vegetation change can be calculated by time-trend analysis
mentioned above while a sensitivity-based method (Dooge et al., 1999; Jones et al., 2006; Schaake & Liu,
1989) is used to estimate the mean annual streamflow change caused by climate variables. This method
assumed the changes in catchment water balance are partially attributed to perturbations in climate variables
such as precipitation and potential evaporation (PET). Over a sufficiently long time scale, change in mean
annual streamflow due to climate change can be calculated as (Koster & Suarez, 1999; Milly & Dunne, 2002):

Qclim = aP + bPET (11)

4
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where P and PET represent the changes in precipitation (mm) and potential evaporation (mm), and a, b are
the sensitivity coefficients of streamflow to precipitation and potential evaporation, which can be obtained
from the Budyko-curve model proposed by Zhang et al. (2001) as following description (Li et al., 2007):

a = 1+2x+3wx2

(1+x+wx2)2
(12)

b = 1+2wx
(1+x+wx2)2

(13)

where x is the dryness index (PET/P) and w is a model parameter associated with catchment characteristics
(Zhang et al., 2001). The value of w was determined by climatic condition and vegetation cover in a given
catchment before bushfire and was kept constant in the whole period.

3.4 Determination of the Calibration and Testing Periods

In this study, we are focusing on catchments affected by the 2009 Victoria bushfire event. The calibration
period was determined according to the data quality and length of streamflow data in each catchment (See
Table 1). Once the calibration period was determined, annual rainfall and streamflow data were utilized
to develop a regression relationship for the catchment. The testing period of all catchments was set to
be 2009-2015 since the bushfire occurred in early February, 2009 and the dataset of climate variables and
streamflow until pre-2016 were collated. Annual precipitation, PET and streamflow were divided into two
parts to represent the calibration and testing periods.

Results

4.1 Regression Analysis in the Calibration Periods

Rainfall-runoff relationships in the calibration and testing periods were examined before developing the
regression relationships. For example, in severely burnt catchments such as Flowerdale, Taggerty and Ko-
ornalla (with burnt percentages of 96.6%, 89.7% and 83.1% respectively), there are obvious changes in the
rainfall-runoff relationship in the testing period compared with that in the calibration period (see Figure 3).
Similar results were obtained in the majority of the selected catchments and the extent of the relationship
change is related to the burnt percentage as well as the burnt severity. The results illustrate that there
is more streamflow after the vegetation loss caused by bushfire, which is consistent with our knowledge of
how bushfire affects streamflow in a catchment. This provides confidence in our further analysis of bushfire
impacts on streamflow.

Then, the regression relationships between rainfall and streamflow were constructed before quantifying the
bushfire and climate change impacts on mean annual streamflow. The rainfall-streamflow relationship varies
largely from catchment to catchment in different time periods. In this study, relationship between rainfall
and streamflow in almost every catchment impacted by bushfire can be fitted by linear regression model in
both calibration period and testing period (see Figure 3) and the evaluation results of the regression model
are listed in Table 2.

<Figure 3 Here Please>

Figure 3 shows the regression relationships obtained for each catchment in the calibration and test periods
and Table 2 summarizes the statistical metrics of the linear regressions. There exist good linear relationships
between annual rainfall and annual streamflow in most catchments in the calibration periods (Figure 3). The
coefficient of determination (R2) result varying from 0.56 to 0.85 indicates annual rainfall explains 56% - 85%
variation of annual streamflow in the calibration periods (Table 2). The modified coefficient of efficiency (E1)
ranges from 0.26-0.65 and the modified index of agreement (d1) ranges from 0.62 to 0.82. The mean absolute
error (MAE) is in the range of 16.3-101.8. These results indicate that the linear regressions are satisfactory

5
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in most of burnt catchments, and can be used for estimating the streamflow under a given precipitation
during the testing period (i.e. the post-bushfire period).

<Table 2 Here Please>

4.2 Bushfire and Climate Variability Impacts on Mean Annual Streamflow

To evaluate the total mean annual streamflow changes in the testing period, the total annual streamflow
change (ΔQtot) were calculated based on Equation 10 and the results are summarized in Table 3. The
total mean annual streamflow of all the catchments increases in the testing period (post-bushfire period),
compared with the calibration period (pre-bushfire period) except for Jamieson (with decline of 22.3 mm).
The increase in mean annual streamflow ranges from 5.9 to 141.4 mm. 12 out of the 15 selected catchments
have increasing average runoff ratio in the testing period, which varies from 0.002 to 0.106. In contrast,
the average runoff ratio of Running Creek and Tallarook decreases by 0.009 and 0.03 respectively while
Frenchman Creek Junction’s average runoff ratio remains stable.

To quantify the contribution of bushfire effects to the mean annual streamflow change, streamflow changes
due to vegetation change caused by bushfire (ΔQveg) were determined from time trend analysis method (see
3.1). As shown in Table 3, the calculated streamflow increase due to vegetation change caused by bushfire
(ΔQveg) ranges from 1.6 (Frenchman Creek Junction) to 125.9 mm (Traralgon South) or -45% (Jamieson)
to 98% (Murrindindi above) of the observed total streamflow change (ΔQtot). The results indicate that the
bushfire caused streamflow increases during the testing period in each burnt catchment.

Changes in rainfall and potential evaporation (PET) also contribute to streamflow variations. Thus, the
streamflow changes due to climate variability (ΔQclim) were determined from sensitivity-based method (see
3.3). The choice of w value in sensitivity-based method was based on climate condition and agreement
in the calibration period between measured and estimated annual runoff ratio (Zhang et al., 2011). The
w value remained constant in testing period to ensure equation 11 only represents the effect of climate
variability. Table 3 shows that climate variability in the testing period increases annual streamflow in the
majority of catchments such as Running Creek and Rosewhite, but decreases annual streamflow in the rest
(e.g., Jamieson and Koornalla). The proportion of streamflow change due to climate variability in total
streamflow change ranges from -7% to 157%.

<Table 3 Here Please>

In this study, percentage changes in mean annual streamflow caused by bushfire and climate variability were
calculated independently. When the sum of the two percentage changes approaches 100%, it means that the
independent simulated streamflow changes are close to the actual streamflow changes. Figure 4 summarizes
the sum of the two proportions. For most catchments except for Frenchman Creek Junction, the sum is
close to 100%, which means the sum of streamflow change due to bushfire (ΔQveg) and climate variability
(ΔQclim) approaches the total streamflow change (ΔQtot). This indicates that the two independent methods
are reliable for most of the bushfire impacted catchments. The reason why Frenchman Creek Junction only
has 28% total streamflow change is because the absolute streamflow change before and after bushfire is only
5.9 mm. Such a small change may amplify the error of the actual total change of streamflow and the sum
of estimated streamflow change from bushfire and climate variability. As shown in Figure 4, streamflow
change between the two periods (pre- and post- bushfire periods) is mainly contributed by bushfire impact
in 11 catchments, but by climate variability in the other 3. It is worth noting that among all the burnt
catchments, only Jamieson has a decrease in streamflow after bushfire. This occurs because the streamflow
change caused by bushfire increased but the climate variability induced a greater decrease in streamflow,
which is consistent with the fact that Jamieson only has 36.3% burnt area with less burnt severity (see Figure
2) and the rainfall in the testing period is lower compared with the calibration period (see Figure 1).

<Figure 4 Here Please>

To further investigate if the bushfire impacts on streamflow are related to the burnt area, Figure 5 shows

6
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the relationship between burnt percentage (fire scars area within a catchment as a proportion of the total
area of a catchment) and percentage of mean annual streamflow increase due to bushfire. It is shown that
the percentage of mean annual streamflow increase due to bushfire is strongly related to the percentage
area burnt. The linear relationship between the two indicate the burnt percentage can explain 68% of the
percentage of mean annual streamflow increase due to bushfire. This result can be used to estimate or
predict the annual streamflow changes due to bushfire if the burnt percentage for a small to medium sized
catchment is available. It is worth noting that the relationship is suitable at annual time scale and may be
not appropriate at sub-annual time steps.

<Figure 5 Here Please>

Discussion

Vegetation change and climate variability were considered as main factors affecting annual streamflow in this
study, and the evaluation of such impacts were implemented at mean annual scale. At seasonal or monthly
time scale, the climate variability impact on streamflow may be different since the streamflow would be
impacted by the seasonality of rainfall which adds an additional layer of complexity. Another time scale
issue which should be focused on is the period selected for bushfire impact assessment. This study mainly
focuses on an immediate post bushfire period. When the bushfire period considered is extended the increased
impact can be subdued due to regrowth and runoff will decrease when there is more vegetation.

In this study, the estimation of streamflow change due to climate variability was calculated by a sensitivity-
based method based on the Budyko framework (Budyko, 1958). This study not only tested the method of
Zhang et al., (2001), but also other Budyko curves such as Fu curves (Fu, 1981) and both methods yield
similar results. These tests further indicate that Budyko curves are robust for estimating mean annual
streamflow change induced by climate variability. Generally speaking, the approach can yield more reliable
results if multiple linear regression considered PET as well as P as descriptors to predict the mean annual
streamflow during the testing period. For this reason, the multilinear regression considering P and PET
was tested as well. Overall, the fitting coefficient of determination (R2 ) of single linear regression (0.74)
and multiple linear regression (0.76) are very similar. In addition, the proportion of bushfire and climate
variability impact on streamflow didn’t show a dramatic change when the single regression was replaced by
multiple regression. As a result, we conclude that the linear regression relationships between annual rainfall
and annual streamflow are satisfactory for estimating vegetation change induced impacts on streamflow.

As shown in Figure 5, the relationship can be described by a linear regression model. The fitting coefficient
of determination (R2 ) is 0.69 which is satisfactory. it is possible to further improve quantitation of the
relationship between burnt percentage and percentage of mean annual streamflow increase due to bushfire,
which is constructed to specify how bushfire extent influences the bushfire impact on streamflow.

This study uses two independent methods to estimate the effects of vegetation change caused by bushfire
and climate variability on annual streamflow. The independent evaluation of the two impacts show that the
time-trend analysis and sensitivity-based methods are accurate for our research purpose. Further, to meet
the assumption that climate variability and bushfire are the main dominant factors to affect the streamflow,
efforts has been made when choosing these target catchments (i.e. adequate data record and impacted
by bushfire to certain extent). Our study clearly indicates the burnt percentage shows a good positive
relationship with percentage of mean annual streamflow change due to bushfire, which suggests higher and
more serious burnt percentage contributes a greater increase in streamflow.
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Conclusion

This study selected 14 bushfire impacted catchments during the 2009 Victoria bushfire event and analysed
the effects of the bushfire as well as climate variability on annual streamflow. Relationships between rainfall
and streamflow in all catchments have been constructed and evaluated during the calibration period. Then
the relationships were applied to estimate the annual streamflow changes due to bushfire in the time-trend
analysis method. The calculated streamflow increase due to vegetation change caused by bushfire (ΔQveg)
ranges from 1.6 mm (Frenchman Creek Junction) to 125.9 mm (Traralgon South), which illustrates that the
bushfire caused an increase in streamflow during the post-fire (testing) period in all burnt catchments. The
streamflow changes due to climate variability (ΔQclim) were determined from the sensitivity-based method.
The result shows that streamflow changes caused by climate variability in the majority of catchments has
relatively smaller proportions of total streamflow change compared with that caused by bushfire. The
relationship between burnt percentage and percentage of mean annual streamflow increase due to bushfire
was constructed and the results indicate that the percentage increase in mean annual streamflow due to
bushfire is linearly related to percentage burnt areas. This relationship can be used to estimate the annual
streamflow changes caused by bushfire in small-medium size catchments in Australia.
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Tables

Table 1 . Summary of the 14 selected burnt catchments for bushfire impact analysis

Catchment Latitude Longitude Area (km2) Mean Elevation (m) Mean Slope (%) Rainfalla (mm) PETb (mm) Streamflowc (mm) Forest Ratio Burnt Area (%) Calibration Period Testing Period
Rosewhite 36.58°S 146.82°E 138.0 486.3 7.7 1247 1191 172 0.51 71.0 2000-2009 2009-2015
Flowerdale 37.35°S 145.29°E 179.3 530.3 4.8 1140 1108 192 0.59 96.6 1990-2009 2009-2015
Devlins Br 37.38°S 145.47°E 360.2 453.2 5.6 996 1126 237 0.65 75.7 1990-2009 2009-2015
Murrindindi above Colwells 37.41°S 145.56°E 105.8 675.7 7.6 1353 1096 461 0.80 58.9 1990-2009 2009-2015
Taggerty 37.32°S 145.71°E 629.2 604.5 8.0 1305 1097 443 0.68 89.7 1990-2009 2009-2015
Rubicon 37.29°S 145.83°E 127.9 968.0 9.4 1279 1079 836 0.87 76.7 1990-2009 2009-2015
Neerim 37.97°S 145.93°E 84.8 413.1 8.1 1290 1068 214 0.76 66.2 1990-2009 2009-2015
Tonimbuk 38.02°S 145.76°E 168.8 273.1 7.1 1311 1070 176 0.71 69.1 1975-2009 2009-2015
Koornalla 38.32°S 146.53°E 86.1 370.3 9.3 1295 1019 263 0.68 83.1 1980-2009 2009-2015
Frenchman Ck Jun 37.52°S 146.08°E 336.0 822.6 9.7 1323 1058 464 0.81 22.4 1980-2009 2009-2015
Traralgon South 38.27°S 146.54°E 130.9 310.8 7.4 1102 1060 162 0.64 79.9 1998-2009 2009-2015
Running Ck 36.54°S 147.04°E 128.1 632.3 11.2 1355 1160 219 0.64 26.3 2000-2009 2009-2015
Jamieson 37.37°S 146.06°E 626.7 752.0 9.7 1327 1069 461 0.76 36.3 1971-2009 2009-2015
Tallarook 37.10°S 145.06°E 336.8 363.6 3.9 851 1134 93 0.40 46.9 2000-2009 2009-2015
a, b, c The mean annual rainfall, PET and streamflow are calculated over the entire record period. a, b, c The mean annual rainfall, PET and streamflow are calculated over the entire record period. a, b, c The mean annual rainfall, PET and streamflow are calculated over the entire record period. a, b, c The mean annual rainfall, PET and streamflow are calculated over the entire record period. a, b, c The mean annual rainfall, PET and streamflow are calculated over the entire record period. a, b, c The mean annual rainfall, PET and streamflow are calculated over the entire record period. a, b, c The mean annual rainfall, PET and streamflow are calculated over the entire record period. a, b, c The mean annual rainfall, PET and streamflow are calculated over the entire record period. a, b, c The mean annual rainfall, PET and streamflow are calculated over the entire record period. a, b, c The mean annual rainfall, PET and streamflow are calculated over the entire record period. a, b, c The mean annual rainfall, PET and streamflow are calculated over the entire record period. a, b, c The mean annual rainfall, PET and streamflow are calculated over the entire record period. a, b, c The mean annual rainfall, PET and streamflow are calculated over the entire record period.

Table 2 . Statistical results of linear regressions between annual rainfall and annual streamflow in the 14
burnt catchments during the calibration periods

Catchment Calibration Period N R2 E 1 d1 MAE (mm)

Rosewhite 2000-2009 8 0.71 0.46 0.70 34.1
Flowerdale 1990-2009 19 0.77 0.52 0.75 46.5
Devlins Br 1990-2009 19 0.82 0.59 0.78 51.7
Murrindindi above Colwells 1990-2009 19 0.69 0.45 0.71 78.4
Taggerty 1990-2009 19 0.82 0.60 0.79 62.4
Rubicon 1990-2009 19 0.81 0.55 0.76 102.7
Neerim 1990-2009 19 0.71 0.51 0.74 35.2
Tonimbuk 1975-2009 33 0.56 0.33 0.62 43.6
Koornalla 1980-2009 29 0.72 0.50 0.75 40.4
Frenchman Ck Jun 1980-2009 29 0.77 0.53 0.75 67.0
Traralgon South 1998-2009 11 0.77 0.49 0.74 16.3
Running Ck 2000-2009 9 0.69 0.44 0.69 37.9
Jamieson 1971-2009 38 0.85 0.65 0.82 59.2
Tallarook 2000-2009 9 0.71 0.26 0.64 22.2
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Table 3 . Estimating vegetation change-induced mean annual streamflow change

Catchment

Average
Runoff
Ratio

Average
Runoff
Ratio

Time
Trend
Analysis
Method
ΔQveg

Time
Trend
Analysis
Method
ΔQveg

Sensitivity-
based
Approach
ΔQclim

Sensitivity-
based
Approach
ΔQclim

Total
Changee

ΔQtot

(mm)
Total
Percentage(%)

Burnt
Percentage

Calibration
Period

Testing
Period

Streamflow
changes
(mm)a

percentage

(%)b
Streamflow
changes
(mm)c

percentage

(%)d

Rosewhite 0.117 0.121 29.7 (9,
50.3)

51 24.1 42 58.1 93 71.0

Flowerdale 0.133 0.187 61.5
(36.1,87)

89 3.7 5 68.9 95 96.6

Devlins
Br

0.200 0.222 12.5
(-13.8,
38.8)

53 5.5 24 23.5 77 75.7

Murrindindi
above
Colwells

0.312 0.357 51.8
(7.2,
96.3)

98 -3.5 -7 52.8 91 58.9

Taggerty 0.311 0.369 72.3
(38.8,
105.7)

96 -0.1 0 75.2 96 89.7

Rubicon 0.499 0.563 85.1
(38.1,
132.1 )

84 15.2 15 100.9 99 76.7

Neerim 0.159 0.194 37.9
(13.9,
61.8)

85 3.6 8 44.7 93 66.2

Tonimbuk 0.134 0.156 27.6
(10.9,
44.2)

90 2.4 8 30.7 98 69.1

Koornalla 0.164 0.218 57.1
(25.2,
88.9)

94 -2.0 -3 60.5 91 83.1

Frenchman
Ck Jun

0.348 0.348 1.6
(-24.2,
27.4)

27 0.05 1 5.9 28 22.4

Traralgon
South

0.097 0.203 125.9
(86.4,
165.4)

89 17.4 12 141.4 101 79.9

Running
Ck

0.155 0.146 18.7
(-8.1,
45.5)

28 41.2 62 65.9 91 26.3

Jamieson 0.334 0.335 10.0
(-9.9,
29.9)

-45 -35.1 157 -22.3 112 36.3

Tallarook 0.105 0.075 12.0 (-0.2,
24.1)

33 24.0 66 36.6 98
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Catchment

Average
Runoff
Ratio

Average
Runoff
Ratio

Time
Trend
Analysis
Method
ΔQveg

Time
Trend
Analysis
Method
ΔQveg

Sensitivity-
based
Approach
ΔQclim

Sensitivity-
based
Approach
ΔQclim

Total
Changee

ΔQtot

(mm)
Total
Percentage(%)

Burnt
Percentage

b, d

The
nega-
tive
sign
in these
columns
repre-
sent
the
stream-
flow
change
due to
bush-
fire
(ΔQveg)
or
climate
vari-
ability
(ΔQclim)
is con-
trary
to the
total
stream-
flow
change
(ΔQtot).
For ex-
ample,
if the
total
stream-
flow
in-
creases,
the
nega-
tive
sign
before
the
num-
ber
means
the
stream-
flow
change
due to
bush-
fire
(ΔQveg)
or
climate
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