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Summary A severe wildfire burnt over 1 million ha of forested land in southeastern Australia
in early 2003. Included in the burnt area were two 136 and 244 ha hydrologic research catch-
ments in the East Kiewa valley that had been decommissioned following a 10 year study, and
an adjacent larger (10,050 ha) gauged catchment, the West Kiewa River. The three catchments
were re-instrumented to measure discharge and suspended sediment fluxes at 15 min time-
steps, with additional measurement of bedload at the East Kiewa sites. Analysis of annual rain-
fall–discharge relationships and of flow duration curves for the first 2 post-fire water years
indicated annual flow increases of around 65–75% for Slippery Rock Creek in both post-fire
water years and 40% and 76–94% for Springs Creek in 2003–2004 and 2004–2005, respectively.
The flow impacts on the less severely burnt West Kiewa River were far more subdued, and did
not exceed pre-fire variability in annual flows. Flow duration curve analysis did not indicate
changed runoff generating processes at the daily timescale, with the curves shifting upward
uniformly over the flow regime. Total sediment exports increased by factors of 8–9 (up to
2.96 t ha�1 yr�1) from the East Kiewa catchments in year 1 after the fire, diminishing to a 2–
4-fold increase in year 2. Flow increases accounted for much of the year 2 exports as suspended
sediment concentrations decreased toward pre-fire levels. Post-fire suspended load exports
from the larger West Kiewa catchment were much lower per unit area, probably reflecting
the smaller area of high intensity burn, less intensive burning of riparian areas and possible
scale effects. The results were observed under near-average rainfall conditions, with the
exception of one short duration high intensity storm that produced almost 50% of the combined
sediment loads from the East Kiewa catchments.
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Introduction

Wildfires are a common occurrence in many forested envi-
ronments. These same landscapes are also the headwaters
of streams in many countries. In Australia, forested catch-
ments designated for water supply are often closed to other
landuses to maintain high water quality. Threats to water
quality and quantity following fire are significant issues for
water supply security. Although elevation of sediment and
nutrient loads are widely recognised as consequences of in-
tense wildfire, relatively few studies have quantified the
changes in sediment or nutrient loads in a systematic and
comprehensive way. This is not a criticism as wildfires are
not predictable. Studies are generally opportunistic and
therefore are often constrained by experimental designs
which rarely address all aspects of fire impacts at a partic-
ular site. Optimally, either good pre-fire data or well cali-
brated paired-catchment studies are required. In the
latter case, it is less common for high resolution sediment
and nutrient data to be collected than streamflow, and
the fire must be excluded from a control catchment. These
are difficult requirements to meet. Where pre-fire data ex-
ist, the length of record and distribution of rainfall are cru-
cial factors in comparing disturbance effects. Shakesby and
Doerr (2006) have identified the lack of pre-fire data sedi-
ment yield data as a key problem in placing post-fire erosion
rates in a longer term context.

Malmer (2004), Scott and Van Wyk (1992), Burgess et al.
(1981), Helvey (1980) and Brown (1972) were able to
compare pre- and post-fire suspended sediment concentra-
tions and loads when fires burnt experimental (Malmer, Bur-
gess et al., Scott and van Wyk, Helvey) and routine (Brown)
monitoring catchments. However, the sediment sampling
regimes that Helvey (1980) and Brown (1972) were able to
implement were not ideal for accurate load estimation,
although valuable data on the magnitude of sediment loads
was captured. The former used weir pool deposition and
grab samples, while the latter relied mostly on fixed interval
samples. Malmer (2004) was able to use only 8–12 grab sam-
ples under baseflow conditions over 3 months during the
pre-fire period because of drought. Scott (1993) and Chess-
man (1986) demonstrated significant levels of sediment flux
following fires in catchments, but could not give absolute
increases because of the lack of pre-fire data. Moody and
Martin (2001a) had pre-fire sediment ratings curves for
one of two burnt catchments. Burgess et al. (1981) were
able to compare only 1 year of data from a logging study.
Additionally, few studies are able to partition the bedload
and suspended load components. The research by Scott
and Van Wyk (1992) and Moody and Martin (2001a) are
exceptions. Scott (1993) was able to report post-fire ratios,
but not pre-fire. While the foregoing studies have delivered
valuable information on fire impacts, unavoidable limita-
tions in experimental design and sampling regimes have
limited the accuracy of sediment export estimates. In par-
ticular the statistical assumptions associated with common
load estimation methods are easily violated by data sets
where pre- and post-fire sampling intervals do not match.
For example, many streams may have regular weekly or
monthly grab sampling for suspended sediment. These
may be augmented by automatic storm event sampling fol-
lowing a fire. Comparing such data sets is statistically diffi-
cult. Development of sediment rating curves may be
problematic where there is pronounced hysteresis (e.g. Ol-
ive and Rieger, 1985, Seeger et al., 2004).

Numerous studies into hillslope scale runoff/sediment/
nutrient generation have reported enhanced generation
rates following wildfire (see review by Wallbrink et al., in
press). Such experiments yield excellent data on erosional
processes and infiltration characteristics. Peak increases in
hillslope sediment generation of one to three orders of mag-
nitude are reported from varying environments and levels of
fire severity (Johansen et al., 2001; Benavides-Solorio and
MacDonald, 2001; Scott, 1993; Shakesby et al., 1993; Moody
and Martin, 2001a; Morris and Moses, 1987). However, Pros-
ser and Williams (1998) and Scott and Van Wyk (1992) ob-
served increased runoff and sediment generation at the
hillslope plot scale under natural rainfall, but no increase
in catchment exports. Scott (1993) reported delivery ratios
of 8%, 8%, 12% and 50% and Moody and Martin (2001a) 33%.
These studies clearly demonstrate hillslope generation rates
cannot be used to infer catchment fluxes.

Further, changes in runoff generation are frequently cap-
tured under rainfall simulation experiments (e.g. Robi-
chaud, 2000; Johansen et al., 2001; Benavides-Solorio and
MacDonald, 2001), often linked to soil water repellency.
As with the disjunction between hillslope sediment genera-
tion and catchment sediment exports, there is not necessar-
ily an easily defined functional relationship between
hillslope ruonff generation and catchment discharge.

Catchment flow responses to wildfire are variable; Scott
(1993, 1997), Brown (1972) and Mackay and Cornish (1982)
reported marked increases in peak flows and stormflows in
early post-fire periods. Scott (1993, 1997) found 12% annual
yield changes to be relatively minor when compared with
the peak flow and stormflow increases, while O’Loughlin
et al. (1982) observed changes to baseflows only. Scott
(1997) also found the opposite response for a clearfelled
catchment where annual yield increases dominated over
stormflow changes. Helvey (1980) reported 2–3-fold
increases over the flow regime, persisting over 7 years,
and Campbell et al. (1977) estimated a 700% increase in
total flow. Moody and Martin (2001b) found runoff-rainfall
relationships changed for rainfalls above a threshold
(>10 mm h�1) but did not report annual changes. Mackay
and Cornish (1982) suggested that burn severity and recent
logging exacerbated changes in stormflows. The above stud-
ies pertain to early post-fire responses. Langford (1976) and
Kuczera (1987) demonstrated that long-term water yield re-
sponses from Eucalyptus regnans forests in the central high-
lands of Victoria, Australia, were significantly affected by
fire over decades. The studies revealed an average 24% de-
crease in yield over 21 years as stands regenerated, with
yields diminishing below pre-fire levels within five years of
fire.

During January and February 2003 the largest wildfires
since 1939 burned 1.3 million ha of mainly forested land
in the state of Victoria, south-eastern Australia. Included
in this area were the Upper-Murray, Kiewa, Ovens, Snowy,
Tambo and Mitchell river basins, which are important for
domestic, irrigation, and environmental water supply.
There have been a number of studies into fire effects in Aus-
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tralia (e.g. Brown, 1972; Zierholz et al., 1995; Prosser and
Williams, 1998; Leitch et al., 1984; Chessman, 1986; Bur-
gess et al., 1981; Mackay and Cornish, 1982; Cornish and
Binns, 1987; Dragovich and Morris, 2002; Shakesby et al.,
2003; Blake et al., 2004; English et al., 2005; Wallbrink
et al., in press) but precise data on catchment-scale re-
sponses of both discharge and water quality have not been
well captured. To close this knowledge gap, a catchment
experiment was commissioned to measure the response of
discharge and sediment fluxes to a wildfire in mountainous
terrain. Collection of high resolution data that minimised
the uncertainty associated with many water quality studies
was central to the project objectives.
Background

A paired-catchment experiment was initiated in 1978 to
study the hydrologic impacts of logging in the East Kiewa
valley mountain area of north east Victoria, Australia
(Fig. 1a and b). The study sites are predominantly vege-
Figure 1 Location maps for East
tated with Eucalyptus delegatensis (alpine ash). One
catchment, Slippery Rock Creek (136 ha) was retained as
the control, and Springs Creek (244 ha) underwent logging
of 30% of the area after 4 years of calibration (Fig. 1c).
Discharge, suspended sediment loads and to a lesser ex-
tent, bedload, were measured for a total of 10 years.
Both catchments were subsequently burnt in January
2003, with a moderate-severe fire severity resulting in se-
vere crown scorch for the majority of the catchment
areas. A high proportion of the E. delegatensis were
killed, comprising around 62–70% of the area in both
catchments. Ground cover and understorey vegetation
was completely burnt in both catchments, with the
exception of approximately 1–2 ha in the upper Slippery
Rock Creek catchment that escaped the fire or was lightly
burnt. An adjacent larger gauged catchment, the West
Kiewa River (10,050 ha, Fig. 1b) was burnt at the same
time. The fire was less uniformly severe in this catch-
ment, with far more instances of light to moderate crown
scorch. Nevertheless, 43% of the catchment was mapped
as severity class 1–2 (Table 1) from satellite imagery by
and West Kiewa catchments.



Table 1 Fire severity classes for East and West Kiewa
catchments

Catchment

Class Description Springs
Creek

Slippery
Rock Creek

West
Kiewa
River

Very severe Crown burnt 7 6 7
Severe Severe crown

scorch
88 65 36

Moderate Moderate
crown scorch

4 14 17

Light Light crown
scorch

1 15 38

Unburnt Unburnt 1 2

Values are proportion of catchment area.
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the Victorian Department of Sustainability and Environ-
ment. It is the authors’ opinion that some of the area
mapped as light severity in the West Kiewa catchment
are unburnt. In these forest types, severity classes 1
and 2 generally indicate total overstorey, understorey
and ground cover loss, while understorey and ground
cover often survive or recover quickly under a class 4
severity.

Site description

East Kiewa catchments

The geology of the Slippery Rock Creek and Springs Creek
catchments is highly faulted gneiss, quartz diorite, with
small areas of granodiorite in the Slippery Rock Creek
catchment. The topography is steep with elevations of
620–1380 m in Springs Creek catchment and 660–1520 m
in Slippery Rock Creek catchment. Slope gradients >24� oc-
cur on 55% of the catchments (Fig. 1c).

Both catchments have friable stony brown gradational
soils generally <1.5 m deep comprised of clay-loams and
sandy clay-loams grading to coarse sand C horizons. Shallow
uniform soils are found on the spurs with deeper black or-
ganic to sandy-clay loams in drainage lines. Mean bulk den-
sities are 0.6 g cm3 at 0.04 m, 1.1 at 0.5 m and 1.4 at 1.5 m.
There are no long-term rainfall data from the sites, but the
mean annual rainfall for the nearby Bogong village is
1800 mm, with a winter/spring dominant distribution. It is
likely the annual rainfall depth for the higher elevation
catchments is greater. Intense summer thunderstorms are
common in the area. Snow fall can occur at elevations
higher than 1100 m, and more intermittently at lower
elevations. Mean daily maximum temperature is 17.2 �C
and mean daily minimum is 5.4 �C.

At lower elevations (up to approximately 1100 m) veg-
etation is dominated by mixed eucalyptus, principally Nar-
row-leafed peppermint (Eucalyptus radiata), Candlebark
gum (E. rubida) and Broad-leafed peppermint (E. dives).
Above the mixed forest, Alpine Ash (E. delegatensis RT
Baker) exists in almost pure stands, with some Mountain
gum (E. dalrympleana) scattered amongst the Ash. Most
of the E. delegatensis is mature to overmature (>100
years old), excepting the regrowth stands. These stands
comprise 70% of the area of Springs Creek catchment,
and 62% of the Slippery Rock catchment. Ferns, shrubs
and herbs provide a more or less continuous low understo-
rey, particularly in the Alpine Ash zone. Riparian commu-
nities have a well developed tall understorey, often with
a dense cover of tree ferns in the gullies flanked by a
dense fern and low shrub stratum.

West Kiewa River

The West Kiewa River catchment is broadly similar in geol-
ogy, soils, vegetation and topography to the East Kiewa
catchments, although it also includes high elevation snow
gum (E. pauciflora) and alpine vegetation communities.
Fifty five percent of the catchment is mapped as E. delegat-
ensis and 28% as E. pauciflora. This catchment has on-going
logging and roading operations in the mid and lower catch-
ment. As such it does not represent the pristine condition of
the untreated East Kiewa catchments in the 1978–1987
study. Fig 1b shows the catchment boundary and the gaug-
ing location of the West Kiewa catchment.

Prior research

The two East Kiewa catchments were instrumented to
measure discharge and sediment exports in 1978. A series
of reports describe in detail the objectives, instrumenta-
tion and results (Leitch, 1979, 1981; Papworth et al.,
1990; Hartland et al., 1990). Briefly, there was a 3–4 year
calibration period followed by a roading and logging
treatment in the Springs Creek catchment. Slippery Rock
Creek catchment was retained as the control. Observa-
tions of discharge and sediment concentration continued
until December 1987. The treatment at Springs Creek in-
cluded roading for access and cartage, and a regeneration
burn in 1986. The operation did not adhere to current
best practice for protection of water quality. There were
no buffers strips around streams, roads were pushed
through streams, near stream soil disturbance was consid-
erable, and the hot regeneration burn removed riparian
vegetation further reducing sediment trapping efficiency.
Ten percent of the Slippery Rock Creek catchment was
logged in the early-mid 1990s, with improved water
quality protection and no new roading. No data from
the post-logging period at Slippery Rock Creek is used in
this study.

The study found there were small increases in total
streamflow following treatment, and small but statistically
significant increases (p < 0.005) in mean event flows. There
were highly elevated total suspended sediment exports
(TSS), with total annual exports estimated to have
increased by a factor of 2–4. Analyses of event concentra-
tions found increases of similar magnitude. This research
provides excellent baseline data for streamflow and sedi-
ment generation under both undisturbed and disturbed
conditions. Although the study was carried out 16–25 years
prior to the bushfires, it may be assumed that the runoff–
rainfall relationships from undisturbed mature E. delegat-
ensis and mixed-species stands would be reasonably
unchanged.
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Methods

Experimental design

Discharge
Discharge at Slippery Rock Creek was measured through a
135� triangular broad-crested weir with a height of 0.83 m
and width of 3.65 m. Stage height was recorded by a Min-
data pressure transducer, placed in a stilling well. During
the former study, discharge at Springs Creek was measured
at a 1.52 m diameter culvert, calibrated by a portable H-
flume. We installed a Parshall flume attached to the culvert
outlet with a 0.457 m wide throat and a maximum discharge
capacity of 0.695 m3 s�1. Stage height was also recorded by
a Mindata pressure transducer, set in a stilling well welded
to the flume wall. Stage height was measured at 15 min
intervals, logged by a Mindata 3500 logger. There is an exist-
ing gauging station on the West Kiewa River that has been in
operation since 1992. Discharge was estimated from stage
using an established stage-discharge relationship for this
station.
Suspended sediment
Total suspended sediment (TSS) concentration was pre-
dicted at 15 min time steps from in situ measurement of
turbidity using regression relationships developed between
TSS and turbidity from water sampling. This methodology
has the attraction of yielding continuous data which solves
the practical problem of sample collection from remote
areas and the statistical problem of adequate representa-
tion of samples over the flow hydrograph and bias in sam-
pling regime. The procedure was as follows: (1) an in situ
Mindata model 2600 backscatter turbidity probe with a
range of 0–1000 NTU gave 15 min readings. (2) The calibra-
tion of the in situ probe was maintained by taking water
samples at the same time and position in the stream as
the in situ probe and then measuring the turbidity of the
samples in the laboratory using a Hach 2100N Turbidimeter
immediately on receipt of sample from field. A relationship
could then be developed between the pairs of matching
in situ probe and laboratory determined turbidities. The
in situ probe data were then corrected via the resulting cal-
ibration equation. (3) The samples used for the turbidity
correction were then filtered for TSS and regressed against
the laboratory turbidity reading. (4) The resultant TSS con-
centration–turbidity relationship yields 15 min estimations
of TSS concentration. Stability of the in situ probe readings
were maintained through constant checking of calibrations,
including stratification by data range (e.g. <100 or >100
NTU) to preserve accuracy over the range of data, and anal-
ysis of individual storms. Twelve separate calibrations were
used in total for the two East Kiewa sites, with r2 > 0.90 for
10 calibrations, and a range of 0.96–0.99 for all NTU values
>100. Of the r2 < 0.90 (0.77, 0.86) the former was for NTU
<50 for 2 months in 2004 at Slippery Rock Creek, and the lat-
ter for NTU < 50 for 2.5 months in late 2003.

The turbidity probes have a lens protection devise (LPD)
which covers the probe lens, preventing fouling from algal
build-up. A flap opens when a measurement is taken. Off-
line stilling tanks have been constructed to remove turbu-
lence which can affect readings. The probes are mounted
vertically from the top of the 20 l tanks with inflow and out-
flow is controlled to approximately 100 ml s�1 by a ball-
valve. Inflow passes through a stainless steel filter of
1 mm diameter perforations prior to the tank inlet.

Sigma autosamplers are programmed collect multiple 1 l
samples during storm events on a ‘‘change in stage’’ basis,
triggered on both the rising and falling limb of the hydro-
graph. As the range of the turbidity probes is 0–1000 NTU,
and this value was periodically exceeded during storm
events, the autosamplers provide data that cannot be reli-
ably collected by the probes. The setting of the range to
0–1000 NTU also results in poorer resolution at the lower
turbidities. A Mindata turbidity probe and Sigma autosam-
pler were also sited on the West Kiewa, giving a complimen-
tary data set.

TSS concentration was also measured by autosampler
during the previous phase of the study, set to take samples
on an hourly basis following a change in stage., and supple-
mented by manual sampling during storms. Baseflow con-
centrations were obtained by twice weekly or greater
manual sampling.

Bedload
Bedload was estimated in two ways. At Slippery Rock Creek,
the 153 m3 weir pool acts as a sediment pond, so bedload
can be estimated by survey of the mass of sediment depos-
ited. This is achieved by mapping the depth of the sediment
deposit on a 1 m grid prior to de-silting. Samples were taken
for sieving to ascertain the proportion of deposit that is bed-
load, and to calculate bulk density. Bedload was defined as
particle size >1.0 mm diameter as this is the cut-off diame-
ter for the off-take to the turbidity tank.

Additionally, bedload traps have been constructed at
both sites to measure a continuous sub-sample of bedload.
These consist of 1.0 m wide concreted flow-control struc-
tures with five 5 mm wide by 100 mm long slots in the direc-
tion of flow cut into a 1.0 m length of square rolled hollow
section steel which is concreted level with the stream bed
and perpendicular to the flow. Sampled water and sediment
is delivered by gravity to a continuously overflowing 200 L
settling tank via a 50 mm hose. The mass of sediment in
the tank is measured on a fortnightly basis, and sieved to
<1 mm to account for any trapped suspended sediment.
Some problems were encountered with slot blockage and
there are caveats regarding the trapping efficiency of all
particle sizes at high flows. However, at a minimum the
traps provide a relative measure of the bedload contribution
between the catchments.

Precipitation
Tipping-bucket rain gauges have been installed at both East
Kiewa gauging sites, and on the upper slopes at both catch-
ments. These are paired with manual gauges. The precipita-
tion for the West Kiewa River was obtained from a climate
database maintained by the Queensland Department of Nat-
ural Resources and Mines, which produces interpolated cli-
mate data on a 0.05� grid.
Vegetation change
Vegetation surveys were undertaken in February 2003, Jan-
uary 2004 and February 2005. Nine 100 m transects were
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randomly sited from a central soil sampling point situated
on a ridge crest. The presence/absence of cover was as-
sessed at single points every 5 m along the transect using
a 30 cm steel square. Cover was expressed as present/ab-
sent (any cover), and as cover type – litter, grass, or low
shrub <50 cm high and bracken or shrub >50 cm but <2 m
high. Data are expressed as a % ratio of ‘‘cover present’’
to total number of assessment points along the transect. A
survey of riparian vegetation was undertaken in October
2004 in which the main stream in both catchments was sur-
veyed at 10 m intervals using the same point classification
scheme.
Water repellency
Nine soil sampling positions were selected to give a repre-
sentative spread over the catchments. A central sampling
point in each position was sited on a ridge. Four other points
were then selected to give a ridge-midslope-valley transect,
with the aim of incorporating variation in topography and
aspect. At each sampling location samples were taken at
0–5 cm depth at 5 points 1 m apart. Six samples were also
taken at 3 locations in the <1 ha unburnt area in Slippery
Rock Creek. The water drop penetration time (WDPT) meth-
od was used to measure water repellency (King, 1981), and
categorised as follows: non-repellent (N) where water is ab-
sorbed into the soil in 10 s or less; repellent (R) where water
absorption is >10 s and 2-molar ethanol absorption is 10 s or
less; or strongly repellent (S) where 2-molar ethanol absorp-
tion is >10 s (McDonald et al., 1990). The samples were ta-
ken two months after the fire, before any significant
rainfall events.
Data analysis

The core field database consists of the 15 min observations
of discharge, turbidity and rainfall. In addition, there are
weekly or fortnightly measurements of bedload from the
traps at both East Kiewa sites and intermittent bedload esti-
mations from Slippery Rock Creek weir pond. There have
been short periods of equipment failure. Autosampler data
were used to infill event turbidities where values exceeded
the range of the probes. Where there were gaps in the dis-
charge record, regression equations with the other catch-
ment could be used confidently. There is a high degree of
correlation (r2 = 0.95) between the catchment discharges
on the 15 min timestep.

Precipitation
Precipitation from the upper and lower rain gauges is aver-
aged within each catchment. Alternative methods for spa-
tially distributing precipitation (e.g. Thiessen Polygons)
were considered. However, as there is a clear orographic
signature to the precipitation, areal interpolation methods
would produce unwarranted errors. The bulk of precipita-
tion is rainfall, with a small contribution from snow on the
upper third of the catchments. Difficulties in accessing the
upper sites during winter has meant the precipitation record
is incomplete for those sites. Regressions of daily precipita-
tion between gauges produced high correlations (r2 > 0.9).
We have assumed the ratio of precipitation between the
gauges holds throughout the year. Consequently the rainfall
measured at the stream gauging stations can be used to ac-
count for transient snowfalls. The low density of the snow
strongly indicates there is no rain-on-snow runoff genera-
tion processes. The rainfall record for the pre-fire period
is scaled by the post-fire method as no upper catchment
observations were made.
Flow
Annual data is collated on a water-year basis, from May to
April. Pre- and post-fire flows have been analysed in two
ways: on an annual basis as a function of annual rainfall
for both total flow and baseflow; and by analysis of flow
duration curves (FDCs). The impact on the intra-annual var-
iability in flow distribution (FDC) is a insightful measure of
flow responses to catchment disturbance.

A baseflow separation was performed using Lyne and Hol-
lick’s (1979) algorithm (see Nathan and McMahon, 1990)
with an a value of 0.90 for the East Kiewa catchments,
and 0.925 for the West Kiewa River.

FDCs were computed from the distribution of daily flows
for each water year of record. The problem in interpreting
the FDCs is the establishment of a baseline FDC to quantify
the fire impact. This is a similar problem to accounting for
rainfall variability in assessing effects of vegetation change
over time (Lane et al., 2005). A similar, simplified approach
to the method of Lane et al. (2005), was employed in which:

(i) FDCs were constructed for each year of record.
(i) A series of regression models were fitted to the

observed annual time series of pre-fire FDC percentiles
with annual rainfall as the independent variable; i.e.
10th flow percentile for each year of record against
annual mean daily rainfall for each matching year,
20th flow percentile for each year of record against
annual mean daily rainfall for that year etc. The per-
centiles used to develop the models were 1st, 10th,
20th, . . . ,90th, 99th, giving 11 models. This gives a
pre-fire calibration model of flow as a function of
mean daily rainfall for each percentile.

(iii) If there was a satisfactory model fit over the range of
percentiles, the observed rainfall for post-fire years
can be used to solve the equations derived from the
pre-fire data, yielding a predicted FDC. We deemed
a coefficient of determination >0.7 to be satisfactory.

(iv) A predicted ‘‘non-burnt’’ FDC for 2003/2004 and
2004/2005 is then developed by re-combining the
adjusted percentiles.

The model is:

Q% ¼ aþ bP2 þ P ð1Þ

where Q% is the flow percentile and P is mean daily rainfall
for each year.

The calculation of a predicted FDC for 2003/2004 and
2004/2005 allows us to compare observed post-fire flow per-
centiles with those predicted from the 2003/2004 and 2004/
2005 rainfall. Differences between observed and predicted
flow percentiles can be summed to give a total change in
discharge. The latter two years of the pre-fire period could
not be included in this analysis as the complete daily record
is unobtainable.



Figure 2 Intensity–duration curves for East Kiewa
catchments.
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Sediment loads and concentrations
Catchment suspended sediment exports are calculated as:

L ¼
Xi¼T=t

i¼1
exp½lnðCiÞ þ lnðQiÞ� ð2Þ

where L is the TSS load, Ci is the TSS concentration and Qi

is discharge volume for the ith interval. T is the time per-
iod over which L is summed, and t is the interval between
measurement or estimation of Ci and Qi. For the pre-fire
period t is determined from the frequency of the collec-
tion of water samples; hourly during storm events and
twice weekly or greater during baseflow. Discharge vol-
umes (Q) were integrated totals from chart recorder re-
cords. For the post-fire period, t = 15 min. Post-fire TSS
concentration, C, is obtained from a regression relation-
ship between the natural log of TSS and natural log of tur-
bidity (NTU):

lnðCÞ ¼ aþ b lnðNTUÞ ð3Þ

The data were log transformed to minimise the variance
over the data range. There were storm events in which
the turbidity exceeded the probe range. Autosampled con-
centration could be used to calculate loads by (2) with t
dependent on the sample timing. When storm length ex-
ceeded the sampler capacity on one occasion, data were
interpolated via a regression of TSS on discharge for other
storm events.

Uncertainties in loads were estimated at each 15 min
timestep from:

Var½lnðLÞ� ¼ Var½lnðCÞ� þ Var½lnðQÞ� þ 2Cov½lnðCÞ lnðQÞ� ð4Þ
where Cov½lnðCÞ; lnðQÞ� ¼ q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var½lnðCÞ�Var½lnðQÞ�

p
ð5Þ

where q is the correlation between the natural logarithm of
the instantaneous turbidity (NTU) measurements and the
natural logarithm of the depth measurements.

The variance Var[ln(C)] in the estimated values of ln(C)
was determined from the prediction intervals around the
regression given in (3). The variance Var[ln(Q)] in the esti-
mated values of ln(Q) was determined from prediction
intervals in the log–log relationship between stage and dis-
charge for the West Kiewa River. From the East Kiewa
catchments Q was measured directly from gauging struc-
tures, and the variance Var[ln(L)] in the estimated values
of ln(L) is equal to the variance in ln(C) as the last two terms
in (4) are zero.

Variances in log–log space for each 15 min timestep
were back transformed to the original scale using:

VarðLÞ ¼ Var½lnðLÞ�L2

The variance for each 15 min timestep were then summed
for the water year to give the variance on the annual load,
Var(L). The uncertainty in annual loads is expressed as the
standard deviation.

An analysis of storm event data for pre and post-fire was
carried out, based on data presented in Papworth et al.
(1990) in which, mean daily sediment concentrations were
tabulated for days where there was an increase in mean
daily of discharge >7 l/s. This value was considered to define
a storm event. Consequently, we extracted the mean con-
centration for days in which the mean daily discharge ex-
ceeded that of the previous day by >7 l/s. These data
allow a direct comparison with the previous data set. The
concentrations probably encapsulate the peak concentra-
tions, the upper part of the rising limb of the hydrograph
and the early part of the hydrograph recession.

The event data were non-normally distributed. Conse-
quently differences in the means of pre- and post-fire pop-
ulations were tested by the Mann–Whitney U test for large
samples. Additionally, the comparative impact of the log-
ging treatment at Springs Creek could be tested.

Results

Precipitation

There was significantly higher precipitation at Slippery Rock
Creek than at Springs Creek The annual average difference
for pre-fire years was 8%, with a 14% difference in 2004–
2005. Anecdotal evidence from forestry workers familiar
with the area supports the data, with apparent small scale
orographic effects bringing consistently higher rainfall to
the upper slopes of Slippery Rock Creek. The post-fire an-
nual totals of 1825 mm and 1993 mm at Slippery Rock Creek
in 2003–2004 and 2004–2005, respectively compare with a
pre-fire mean of 1978 mm. At Springs Creek the post-fire to-
tals of 1658 mm and 1681 mm were below the pre-fire mean
of 1849. The interpolated rainfall for the West Kiewa River
was 1581 mm in 2003–2004 and 1603 in 2004–2005, also
below the pre-fire mean of 1748. Maximum daily rainfall
post-fire was 98 mm at Slippery Rock Creek. This value
was exceeded in four pre-fire measurement years. There
were no high intensity storms immediately following the
fires, which is often the cause of large magnitude erosion
events. The first 10 weeks post-fire saw less than 50 mm
of rainfall from 4 events with a peak intensity of 5 mm h�1.
The long-term intensity–duration curves given by the Aus-
tralian Bureau of Meteorology (BOM) for the area are plot-
ted in Fig. 2, along with the 5 year maximum intensity
curve for 1978–1982 (the only complete pre-fire sub-daily
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data set) and the post-fire curve for Slippery Rock Creek. It
is likely that the long-term curves are under estimated for
these small catchments as the frequent, but highly spatially
variable, summer convective storms may not have been
captured by the BOM analysis. The post-fire curve shows
the impact of a >2 h 43 mm storm in January 2004 with a
peak 15 min intensity of 80 mm h�1, and a 1 h intensity of
35 mm h�1, and a 3 day event of 243 mm in July 2003.

Vegetation survey

The January 2004 survey in the East Kiewa catchments re-
turned an average 56% ground cover of litter and grass, with
42% coverage of low shrubs and bracken. It is not known pre-
cisely what the percentage of cover was before the fire, but
it would have approached 100% in some lower slope areas,
and perhaps 70–80% higher in the catchments. There was
zero ground cover immediately following the fire over all
but the 10% of the upper slopes of Slippery Rock Creek, with
a subsequent litter fall as dead leaves dropped. There was
negligible regrowth until spring 2003, with the bulk of re-
growth occurring from October 2003 onwards. The percent-
ages for both ground and shrub cover had increased to 75%
by February 2005. The riparian survey in October 2004 found
80% ground coverage. Recovery of canopy in the mixed spe-
cies eucalyptus has been largely confined to epicormic
shoots. There has been the expected seedling germination
beneath the dead E. delegatensis.

Water repellence

The fire does not appear to have increased water repellency
at 0–5 cm depth (Fig. 3). All samples from the unburnt sites
were repellent or strongly repellent, while 13% of the burnt
samples were non-repellent. These data suggest there was
no increase in near surface water repellency as a result of
the fire.

Flow

The annual flow–rainfall relationships are given in Fig. 4.
The correlations are acceptable given the variability in the
Figure 3 Frequency distribution of burnt vs. unburnt water
repellency. N denotes non-water repellent, R denotes water
repellent, and S denotes strongly water repellent.
intra-annual distribution of rainfall which influences hydro-
logic processes. The annual total discharges reflect in part
the precipitation differences between the catchments.
Springs Creek annual flow depth is consistently lower than
Slippery Rock Creek. The average difference over the pre-
fire years is 26%.

Residual values from the regressions (Fig. 4) at Slippery
Rock Creek for 2003/2004 and 2004/2005 are 477 and
606 mm, respectively. These values represent flow in-
creases of 66% and 73%. At Springs Creek, the residual
for 2003/2004 is 190 mm (38%) and 388 mm (76%) in
2004/2005. The estimated increase from the West Kiewa
in 2003–2004 is 237 mm, (23% change) and 118 mm (11%)
in 2004–2005. However, the scatter around the regression
line suggests the post-fire yields may not exceed the noise
Figure 4 Annual rainfall vs. catchment yield for pre- and
post-fire years for: (a) Springs Creek, (b) Slippery Rock Creek
and (c) West Kiewa River. Dashed lines are 95% prediction
limits, triangles denote post-fire data.
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in the data, with the post-fire points falling outside the
95% prediction limits. The flow–rainfall relationship is
clouded by the paucity of raingauges in this catchment
and some snowmelt from peaks, which may not accounted
for in the rainfall record, and by a variable landuse which
includes logging. The baseflow index (BFI), the ratio of
baseflow to total flow, was 0.77 and 0.78 at Slippery Rock
Creek for 2003–2004 and 2004–2005, respectively, com-
pared with a pre-fire mean of 0.79. The BFI values for
Springs Creek were 0.81, 0.80 (pre-fire mean = 0.83), and
0.67, 0.63 and a pre-fire mean of 0.65 for the West Kiewa
River.
Figure 5 Flow duration curves for pre- and post-fire years for (a) S
The FDCs are presented in Fig. 5, with the results of
the model fitting to Eq. (1) given in Table 2. The plotting
points are the 1st and 99th percentiles and every 10th
percentile (decile). The time series of the deciles were
well correlated with annual mean daily rainfall for each
year, Coefficients of determination 0.7 or better were re-
turned for all but 3 time series and all but 5 regressions
returning p < 0.05. The poorest model fits were for the
1st percentile at all three catchments. This is not surpris-
ing as the peak flows are more likely to be correlated with
individual events rather an annual total. The consequent
predicted FDCs for a unburnt scenario can be compared
prings Creek, (b) Slippery Rock Creek and (c) West Kiewa River.



Table 2 Goodness of fit for flow duration curve prediction models

Percentile Springs Creek Slippery Rock Creek West Kiewa River

R2 P value R2 P value R2 P value

1% 0.77 0.0537 0.68 0.1000 0.40 0.1691
10% 0.80 0.0410 0.70 0.0894 0.78 0.0052
20% 0.85 0.0222 0.81 0.0350 0.75 0.0083
30% 0.94 0.0035 0.92 0.0061 0.81 0.0028
40% 0.94 0.0033 0.86 0.0191 0.91 0.0003
50% 0.96 0.0013 0.87 0.0164 0.90 0.0004
60% 0.90 0.0101 0.81 0.0354 0.79 0.0043
70% 0.84 0.0272 0.75 0.0640 0.78 0.0047
80% 0.81 0.0354 0.80 0.0404 0.73 0.0098
90% 0.89 0.0128 0.88 0.0134 0.73 0.0108
99% 0.88 0.0141 0.86 0.0200 0.71 0.0132

Figure 6 Laboratory derived turbidity vs. TSS relationship for
(a) the East Kiewa and (b) West Kiewa catchments.
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with those observed for all years of record. The summed
increases in flow for the post-fire years are 68% and 76%
for Slippery rock Creek for 2003/2004 and 2004/2005,
respectively and 43% and 94% for Springs Creek. The
summed increases from the West Kiewa River are 31%
and 12% for 2003/2004 and 2004/2005, respectively. For
both Slippery Rock Creek and the West Kiewa River the
flow increases estimated by the FDCs accord reasonably
with those from the annual data.

The observed curves for 2003/2004 and 2004/2005 plot
above the predicted curves, and above all other curves with
the exception of the 1981/1982 curve at both East Kiewa
sites. The Slippery Rock Creek FDC suggests that the median
and lower flows are elevated relative to all other years de-
spite the below average rainfall. The higher percentiles are
exceeded only by the 1981/1982 curve. That year received
almost 1000 mm more rain than 2003/2004 and over
800 mm more than 2004/2005. The shape of the curves do
not indicate there were significant changes to the runoff
generating processes through changes in the flow regime
at a daily scale. The FDCs from Springs Creek and from
the West Kiewa River support this. The sharp drop off at
the 90th and 99th percentiles in 2003/2004 is a function
of the very low flows recorded in early April that were typ-
ical of the pre-fire and immediate post-fire dry conditions.
The observed curves from the West Kiewa River demon-
strate the subdued fire impact relative to the preceding
10 years. The 2003–2004 and 2004–2005 curves are ex-
ceeded by at least three other years at all deciles. The high-
est percentiles (1st and 10th) plot under the predicted
values. This may be simply due to the poor model fit for
the 1st percentile, although the fit for the 10th percentile
(r2 = 0.68) is better.

Total suspended sediment concentrations

TSS concentrations vs. turbidity
The log–log relationship between laboratory measured tur-
bidity and TSS concentration is given in Fig. 6, with data
bulked for the two East Kiewa catchments, and for the West
Kiewa River. Untransformed coefficients of determination
were 0.98 and 0.92 for the East and West Kiewa catchments,
respectively.
TSS concentrations
Descriptive statistics and the results of the Mann–Whitney U
Test for pre- and post-fire mean daily event concentrations
are presented in Table 3, split into a bulked pre-fire popula-
tion and for the two separate post-fire water years. The
2003–2004 data also contains one storm event from mid
April 2003, which was the first major post fire event. The
Mann–Whitney U Test returned significant differences be-
tween the pre-fire and post-fire concentrations for both
2003–2004 and 2004–2005 at Springs Creek, but only
2003–2004 at Slippery Rock Creek. The 2003–2004 concen-



Table 3 Mean daily TSS concentrations for flow events defined by >7 l s�1 change in mean daily flow pre- and post-fire

Site N Mean Median Minimum Maximum Lower quartile Upper
quartile

10th (%) 90th (%) SD

(mg L�1)

Slippery Rock pre-fire 201 51.4 35.4 6.6 250.3 23.2 56.9 17.3 111.6 45.1
Slippery Rock 2003/2004 35 174.1 50.5 14.8 1744.6 30.0 81.2 18.4 329.8 373.4
Slippery Rock 2004/2005 35 45.7 37.9 14.7 237.2 26.1 53.4 23.9 61.4 36.7
Springs Creek pre-treata 91 63.5 38.0 7.0 529.5 22.1 65.8 18.0 134.0 78.7
Springs Creek pre-fire 210 105.9 59.1 7.0 946.3 29.1 120.3 20.9 197.7 145.1
Springs Creek 2003/2004 31 154.9 47.3 5.8 1281.1 24.8 111.6 21.6 203.2 311.9
Springs Creek 2004/2005 29 57.8 53.8 26.1 220.3 42.5 60.1 32.9 69.8 34.7

Mann-Whitney U test N T1 N T2 Rank Sum T1 Rank Sum T2 U Test Z Test Z crit a/2 Statistically
significant

SRC pre-fire vs. SRC 2003/2004 201 35 23,005 4961 2704 �2.18 �0.98 c

SRC pre-fire vs. SRC 2004/2005 201 35 23,635 4331 3334 �0.49 �0.98
SCC pre-fire vs. SCC 2003/2004 210 31 25,589 3572 3076 0.49 0.98
SCC pre-treat.b vs. SCC 2003/2004 91 31 5351 2152 1165 �1.44 �0.98 c

SCC pre-treat.b vs. SCC 2004/2005 91 30 5206 2175 1020 �2.07 �0.98 c

a Treatment refers to the logging treatment initiated in 1981.
b Treatment is the logging treatment initiated in 1981. T1 and T2 denote pre-fire and post-fire, respectively.
c Denotes statistically significant at the 0.05 level.
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trations are clearly highly elevated relative to the pre-fire
data, with the population mean increasing by factors of
3–4. The median and upper quartiles increased by around
50%. The 90th percentile quadrupled at Slippery Rock Creek
and doubled at Springs Creek. The concentrations have de-
creased to pre-fire levels in 2004–2005 at Slippery Rock
Creek. The Springs Creek 2004–2005 mean is identical (gi-
ven measurement errors) with that of the pre- logging treat-
ment but the median and upper and lower quartiles were
still elevated. There was a decrease in the 90th percentile
to below the pre-fire value. Interestingly, there was no sta-
tistically significant difference between the sediment con-
centrations following logging and those following fire at
Springs Creek. The maximum instantaneous concentration
measured in the post-fire period of 47,152 mg L�1 at Springs
Creek exceeded any in the pre-fire data by a factor of 10.
This was measured during the event on 16/1/2004.
Figure 7 Annual loads of TSS vs. annual rainfall fo
The pre-fire baseflow concentrations have proven diffi-
cult to obtain. Post-fire values are in the order of 10–
20 mg L�1 at all three sites. The resolution of the turbidity
probes at these low concentrations means exact TSS con-
centrations for the 15 min data are subject to measurement
errors.

Sediment loads

Total suspended sediment load
The total suspended sediment loads for water years are
plotted against rainfall for both East Kiewa catchments in
Fig. 7. The load for 2003/2004 was 280 t (±30) at Slippery
Rock Creek and 216 t (±23) at Springs Creek. For a similar
annual rainfall, these values indicate perhaps a 9 times in-
crease at Slippery Rock and an 8 times increase at Springs
Creek. The 2004–2005 loads have decreased to 56 t (±0.4)
r (a) Slippery Rock Creek and (b) Springs Creek.



Table 4 Spatially averaged (t ha y�1) pre- and post-fire
sediment loads for the East and West Kiewa catchments

Site Slippery
Rock Ck.

Springs
Ck.

West
Kiewa R.

Pre-fire mean TSSL 0.23 0.23a NA
2003–2004 TSSL 2.05 0.88 0.29
2004–2005 TSSL 0.39 0.35 NA
2003–2004 TSSL + BL 2.96
2004–2005 TSSL + BL 0.68

TSSL = total suspended solids load, BL = bedload.
a The pre-logging treatment mean is skewed by a value of

0.55 t ha y�1 in 1981, which is 10 times greater than the pre-
ceding 3 years.
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at Slippery Rock Creek and 84 t (±0.4) at Springs Creek.
These loads appear to be still 1.5–3 times those for a similar
pre-disturbance annual rainfall. However, in concert with
the concentration data, the logging treatment loads from
Springs Creek are clearly also elevated compared with the
undisturbed state. Spatially averaged values (t ha y�1) are
given in Table 4. The estimated load from the West Kiewa
River in 2003–2004 was 2890 t (±60). The 2004–2005 data
was not of sufficient quality to compute loads. Autosampler
data suggests concentrations had diminished after January
2004 in this catchment.

The fluxes of TSS in the East Kiewa catchments are dom-
inated by two events, July 23 and 24 2003 and January 16
2004. These events produced 79% and 76% of the total
2003–2004 TSS load at Slippery Rock Creek and Springs
Creek, respectively. The January 2004 event alone yielded
127 t at Slippery Rock Creek and 101 t at Springs Creek, de-
spite the recovery of 50% of vegetation cover.

Bedload
There are only two measurements of total bedload from the
pre-fire data, estimated from the mass of sediment trapped
in the weir pool at Slippery Rock Creek in May 1981 and
March 1982. The total estimated bedload was 19.2 t and
1.5 t. It is not clear over what time period the 1981 mass
of sediment had collected. Anecdotal evidence from work-
ers who have de-silted the weir regularly since its construc-
tion suggest the mass of background trapped sediment to be
in the order of 20–40 m3 annually. Thirty-nine percent of
the sieved samples from the post-fire deposits was
>1.0 mm diameter. Assuming a similar pre-fire size distribu-
tion, the bedload would be 10–20 t, although analysis of
samples from the sediment deposited before any post-fire
influx showed there to be only 17% coarse fraction. Spa-
tially, these estimates equate reasonably to the volume
per unit area of sediment (20–50 m3 km2 y�1) trapped by a
dam located immediately downstream of the confluence
of Slippery Rock Creek and the East Kiewa River (Hartland
et al., 1990). The 2003–2004 bedload estimate is 116 t. Per-
haps two thirds of this sediment was deposited during the
two events referred to in the previous section. In both cases
the weir pool was largely filled. In 2004–2005 the total load
is estimated to be 40 t. The ratio of bedload to suspended
load at Slippery Rock Creek was 0.4 in 2003–2004 and
0.75 in 2004–2005.
The likely increase in bedload from pre-fire levels is
approximately one order of magnitude in 2003–2004. The
mass of bedload sampled by the bedload traps at each
catchment was slightly higher at Slippery Rock Creek, by
15% in 2003–2004 and 4% in 2004–2005, suggesting the bed-
load exports are of similar magnitude at both Springs Creek
and Slippery Rock Creek.

Discussion

Overview

The results give a catchment scale response to a severe
wildfire for the first two years after disturbance. We have
attempted to minimise the uncertainties associated with
many post-fire sediment sampling regimes. The 10 year
pre-fire data set allows comparison with exports generated
over a wide range of climatic conditions and with the im-
pacts of a logging treatment. With the exception of two
storms with very different intensity-durations, the post-fire
rainfalls were average or below. However, the short dura-
tion high-intensity January 2004 storm and the long dura-
tion-low intensity July 2003 storm produced around 75% of
the suspended load and bedload from the East Kiewa catch-
ments. It is clear from this study and many others that the
key driver of post-fire sediment production is the rainfall
intensity-duration. In contrast, the January 2004 storm pro-
duced only a median daily flow.

Measurement

Successful estimation of TSS is highly dependent on two fac-
tors; an accurate turbidity reading from the probe, and a
strong relationship between turbidity and TSS concentra-
tion. It has proved a challenge to maintain a high quality
continuous turbidity record in these environments subject
to highly flashy discharge and sediment events, turbulent
flow, and interference from hillslope debris including logs,
branches, and cobble and boulder size bedload. A high qual-
ity continuous turbidity record was achieved in this study
through construction of off-take tanks to reduce turbulence
effects, careful attention to anomalies in the data set, and
crucially, a rigorous continual checking of in situ probe cal-
ibration. The autosampler data has provided both a check of
the turbidity record and a back up data set for use where
turbidity observations were interrupted, imprecise or out
of range. Statistical error on load estimations has not been
reported for fire effects previously. In general, there are
few attempts to deal with this issue in the literature. For
example, the errors associated with interpolating between
autosampled points of varying frequency over a storm, or
extrapolating for unsampled storms are substantial. The
higher standard deviations on the 2003–2004 East Kiewa
data are a product of the variance increasing for the high
event values where there are fewer data in the turbidity-
TSS regression.
Flow impacts

The estimated annual flow increases at Slippery Rock Creek
in both post-fire years are at the high end of the range that
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would be expected from disturbance impacts in wet euca-
lypt forests (e.g. Cornish and Vertessy, 2001, Vertessy
et al., 2001, Watson et al., 1999, 2001). The Springs Creek
response in 2004–2005 is of a similar magnitude to the liter-
ature values for the annual rainfall. The 237 mm deviation
from the West Kiewa regression line (Fig. 4) is consistent
with an expected response scaled for the area of high fire
severity. However, the FDCs indicate the post-fire curves
do not stand out from the envelope of pre-fire curves.

The FDCs do not indicate there has been a pronounced
change in storm or peak flow relative to total flow, contrary
to several other studies (see review by Shakesby and Doerr,
2006). Rather, the whole FDC has shifted upward uniformly,
similar to the results of Helvey (1980). A significant change
in runoff generating processes should also be reflected in a
lower baseflow index, which has not been observed. The
FDCs imply that the reduced transpiration is driving flow in-
creases, rather than changes to soil hydraulic properties
through fire-related development of water repellency. This
is further supported by the water repellency data. The
development of natural seasonal water repellency in euca-
lypt forest soils as observed in this study has been observed
by Crockford et al. (1991), Burch et al. (1989), Gilmour
(1968) and Leitch et al. (1984) in Australia, and world wide
in eucalypt plantation soils (e.g. Leighton-Boyce et al.,
2005; Shakesby et al., 1993; Doerr et al., 1996, 1998). Infil-
tration-excess overland flow is a rarity in Victorian mountain
forests, implying that the development of summer water
repellency does not result in infiltration rates that are less
than rainfall intensity. However, using daily flows to con-
struct the FDCss may not capture sub-daily storm responses.

There were greater flow increases recorded in 2004–
2005 in the East Kiewa, despite recovery of shrubs and
grasses and some limited overstorey canopy growth. It is
likely the 2003–2004 response was dampened by filling of
highly depleted soil moisture storages as a result of the
dry weather preceding the fires. The interpolated rainfall
for the West Kiewa River in 2002–2003 was 700 mm less
than the 10 year average. The 2003/2004 flow from Springs
Creek is surprisingly low. One hypothesis is that storage def-
icits may have been greater due to the 30% area with 20 year
old regrowth E. delegatensis stands. This species has a sim-
ilar ecological response to fire as E. regnans. There is a sub-
stantial body of research that shows young E. regnans stands
transpire at greater rates that mature stands (e.g. Langford,
1976; Kuczera, 1987; Vertessy et al., 1996, 2001).

Sediment impacts

The sediment exports from the East Kiewa catchments ap-
proach an order of magnitude increase for both TSS and
bedload. Although the pre-fire record of the latter is sket-
chy, we postulate that the total increase in sediment export
from the East Kiewa sites is at least 10-fold in the first year
following the fire, reducing to a 3-fold increase for
2004–2005. The major factor in the load reduction in
2004–2005 was the decrease in suspended sediment con-
centration. At Slippery Rock Creek the suspended load was
still elevated relative to pre-fire levels because of the per-
sistent flow increases rather than high concentrations. As it
is likely that flow increases will persist for several years be-
fore the pre-fire leaf area recovers, loads may continue to
be elevated despite sediment concentrations declining to
pre-fire levels. In contrast to the concentrations, available
evidence suggests continued increased bedload production
at Slippery Rock Creek in 2004–2005, possibly related to
the stream power associated with the flow increases. The
magnitude of the estimated bedload is significant as it dem-
onstrates the potentially serious underestimation of sedi-
ment responses to disturbance if TSS only is considered.
This is particularly true in these steep mountain headwater
streams. The estimated baseflow values are somewhat
higher than observations from other undisturbed forested
catchments in SE Australia. However, the pre-fire total
TSS loads from the East Kiewa catchments suggest compar-
atively high sediment production for an undisturbed state.
There is no conclusive data to show a fire-induced increase
under baseflow conditions.

The spatially averaged first year TSS load estimates for
the West Kiewa River are substantially lower than those
from the East Kiewa. The loads per unit area are a third
of Springs Creek and 14% of Slippery Rock Creek in
2003–2004. Although there is an incomplete data set for
2004–2005 all indications are that the suspended sediment
concentrations had decreased substantially following the
spring/summer vegetation regrowth in late 2003. The lower
fire severity and consequent faster vegetation recovery is an
obvious reason. Scale differences between the East and
West Kiewa catchments also may obscure the impacts. Sub-
catchment responses in the West Kiewa could be of the
same magnitude as the East Kiewa catchments, but the
overall impact may be reduced by lightly or unaffected
areas. Crucially, there were significant areas of riparian
vegetation that were only very lightly burnt in the West Kie-
wa catchment. Scott (1993) identified the importance of in-
tact riparian zones in trapping sediment. Additionally, the
presence of riparian vegetation is likely to have a propor-
tionally greater impact on the suppression of yield increases
than upslope vegetation because of the water availability
for transpiration.

The spatially averaged suspended sediment flux rates sit
within a continuum of reported catchment scale results
which are highly dependent on the time period of sampling,
rainfall intensity, burn severity, vegetation recovery rates
and sampling and estimation methods. For example, Scott’s
(1993) summary of multi-catchment impacts in South Africa
reported a post-fire range of 0.15–6 t ha�1 y�1, and Scott
et al. (1998) measured rates of 7.8 t ha�1 y�1 These South
African catchments are similar in scale to the East Kiewa
catchments. Helvey (1980) found a rate of 0.13 t ha�1 y�1,
but considered this to be a 8–10-fold increase on pre-fire
values. Brown (1972) suggested that one catchment experi-
enced a 1000-fold increase in sediment exports in the first
18 months after burning. Peak measured concentrations
were around double those from the East Kiewa. However,
the data on rainfall conditions are incomplete, and the load
estimates are from sediment ratings curves with substantial
scatter, making comparisons difficult. Chessman (1986) pre-
sented TSS loads for the first 3 months post-fire for 3 Victo-
rian catchments, with estimated fluxes of 1.13, 0.72 and
0.13 t ha�1 for burnt areas of 98%, 50% and 7%, respectively.
Again the data were sparse and the calculated loads likely to
be subject to substantial uncertainty. The total sediment
fluxes given by Moody and Martin (2001a) appear to be
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higher than the East Kiewa totals. Kunze and Stednick (in
press) reported a peak storm suspended sediment yield of
the same magnitude as the January 2004 event in the East
Kiewa, although generated from less total rainfall. They
found that 2 events produced 90% of the sediment load.
Similar to the peak event in the East Kiewa, these events oc-
curred over a year after the fire. The bedload to suspended
load ratios from the East Kiewa are far higher than those re-
ported by Scott (1993) and Scott and Van Wyk (1992) who
observed bedload to be an order of magnitude less than
TSS. In contrast Moody and Martin (2001a) suggest lowering
of the bedload ratios.

None of the above studies incorporated the catastrophic
events of the scale reported by Leitch et al. (1984), where
an estimated 800 t of sediment was mobilised from a
35 ha catchment, or the examples given by Ice et al.
(2004) and Wells (1987). The recovery rates are also vari-
able, where reported, and few data with which to compare
the cause of elevated loads – increased concentrations and
or higher discharges. The data from the Kiewa catchments
suggests the likelihood of high sediment yield events have
diminished with vegetation recovery. However the elevated
discharges, and therefore loads, may be expected for some
years.
Comparison with logging disturbance

The pre-fire data from Springs Creek also affords an oppor-
tunity to compare the effect of a non-BMP logging opera-
tions with the fire impact on water quality. The TSS
concentrations and loads indicate that the 1980s logging im-
pact was of a similar, though lesser, magnitude. Riparian
areas would be undisturbed and compacted areas minimised
under the current Victorian Code of Forest Practice,
although roading could pose a water quality threat in these
catchments unless managed well. The area affected by log-
ging was one third of the area severely burnt. It is likely that
compaction from machinery during logging operations would
act to increase the impact per unit area through a large
reduction in infiltration and disturbance of upper soil layers.
Implications

This study demonstrates that even under relatively unex-
ceptional rainfall inputs there are still significant increases
in both water yield and sediment exports. While the more
extreme responses receive most attention, both in the sci-
entific literature and the general public’s perceptions,
these ‘‘average’’ responses still hold significant implica-
tions for water and catchment managers. Many catchments
in Australia have ‘‘end of valley’’ sediment and nutrient tar-
gets, often with the aim of reducing existing loads through
improved landuse practices. Even small fire-related in-
creases confound these strategies. Many rivers in Australia
are under stress from demands for irrigation, environmental
flow allocations and domestic water supply. Changes in
flows, both in volume and intra-annual distribution, have
significant implications. Knowledge of the magnitude and
longevity of post-fire flow increases may be crucial for buf-
fering storage and allocation systems against possible yield
declines as forests regenerate.
As discussed in Section ‘Introduction’ there are few stud-
ies that link hillslope processes with catchment scale ef-
fects. Future work will be aimed at providing that link for
these catchments.

Conclusions

The principal findings from this study are that there have
been annual flow increases of 60–70% over the first two
post-fire water years at the heavily burnt East Kiewa catch-
ments. Flow duration curves do not indicate changed runoff
generating processes at the daily timescale. Total sediment
load increases from the East Kiewa catchments were at
least 10-fold in year 1 and 2–4-fold in year 2, with much
of the second year increases accounted for by the flow in-
creases. The decrease in sediment concentrations in year
2 appear to be related to vegetation recovery. Bedload is
clearly an important contributor to the total sediment load.
Two storms with vastly different intensity-durations pro-
duced over 70% of the sediment fluxes, with the largest
magnitude sediment event occurring almost a year after
the fire. The larger and less fire-impacted West Kiewa River
has sustained much more subdued changes in flow and most
likely in sediment loads. It may be expected that sediment
loads will continue to decline as suspended sediment con-
centrations return to pre-fire levels due to good vegetation
recovery, but that elevated flows will continue to deliver
higher suspended sediment loads, and possibly higher, bed-
loads until evapotranspiration recovers.
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