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Summary An experimental program was initiated following an intense wildfire in 2003 in
NE Victoria Australia, to quantify an expected large increase in hillslope erosion by rill and
interrill processes from a steep, wet, Eucalyptus forest. Water repellence, soil water con-
tent, infiltration capacity, infiltration-excess runoff generation, interrill erodibility, and
rill erodibility were measured periodically for 3 years. Rill erodibility on 27� slopes
increased immediately following the fire by a factor of 540 times, but decreased exponen-
tially to very low background levels 2 years after the fire. Despite this increased erodibil-
ity, rill erosion was uncommon in the catchment, because soil saturated hydraulic
conductivity (Ksat) remained very high (100–1000 mm h�1) and simulated concentrated
flows of 3 l s�1 were found to be ‘‘transient’’, infiltrating into areas with high Ksat a short
distance downslope. Despite the very high Ksat values, runoff ratios from 100 mm h�1 sim-
ulated rainfall as high as 65% were recorded 6 months after the fire due to very high spatial
variability in Ksat. The runoff sediment concentration under 100 mm h�1 simulated rainfall
increased 10-fold immediately following the fire and declined exponentially to pre-fire
levels within 2 years as ground cover recovered to 90–95%. Considered together, the
above results suggest that most infiltration-excess overland flow reaching streams in this
catchment is produced from within several metres of the stream edge, and that the trans-
ported sediment is generated by interrill processes. This conclusion contrasts strongly
with common perceptions/observations of widespread overland flow dominated erosion
processes following fire, and perhaps indicates substantial functional differences in ero-
sion processes between different Eucalyptus forests. Measurements in unburnt areas,
intended for comparative purposes only, provided unexpected insights in their own right.
These areas showed a large natural seasonal oscillation in water repellence (non-repellent
in winter to strongly repellent in summer) and runoff generation from rainfall simulation
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(1% in winter to 42% in summer) as the soil gravimetric water content crossed a hysteresis-
variable threshold value. These large seasonal fluctuations in runoff generation indicate
that proportional increases in erosion over the unburnt condition are highly temporally
variable; 18-fold immediately after the fire, increasing to 2240-fold at six months, and
then reducing to only 2.5-fold by 12 months after the fire, perhaps explaining some of
the diversity of reported results in the literature. The above results suggest erosion risk
is greatest in the first winter following the fire. Both the runoff and erosion results show
that conventional erosion modelling approaches in this catchment will fail (both in burnt
and unburnt forests) because the dominant driving processes and soil properties are not
represented.

ª 2007 Elsevier B.V. All rights reserved.
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Introduction

Soil erosion rates and catchment exports of sediment and
nutrients are generally observed to increase considerably
following forest fire (see recent review papers by Shakesby
and Doerr (2006) and Shakesby et al. (2007)). Forested areas
are utilized as water supply catchments in many parts of the
world, and consequently understanding and predicting the
magnitude of the effect of fire on sediment loads is a prior-
ity for catchment managers. However the magnitude of the
increase is extremely variable. At the catchment scale, fac-
tor-increases ranging from zero (Prosser and Williams,
1998), four fold (Scott and Van Wyk, 1990), eight to ten fold
(Lane et al., 2006a; Helvey, 1980), and perhaps up to 1000-
fold (Brown, 1972) have been reported. At the plot/hillslope
scale, factor increases in sediment delivery between 2- and
1000-fold have been reported (Morris and Moses, 1987; Scott
and Van Wyk, 1992; Shakesby et al., 1993; Cerda, 1998;
Prosser and Williams, 1998; Benavides-Solorio and MacDon-
ald, 2001; Cannon et al., 2001; Moody and Martin, 2001;
Pierson et al., 2001). This variability is presumably due to
an interaction of factors such as climate, topography, soil
properties, burn severity and vegetation recovery, altering
hydrologic and erosion processes and resulting in:

1. increased input precipitation reaching ground surface
due to the reduced canopy and litter interception of
rainfall (Crockford and Richardson, 2000);

2. changed infiltration-excess runoff due to fire-induced
water repellency (Imeson et al., 1992), burnt-out root
channels providing easier flow paths for infiltrating water
(Ferreira, 1996 in Shakesby et al., 2000), and possibly
sealing of soil pores by ash;

3. increased rainfall energy and interrill erosion (Benavides-
Solorio and MacDonald, 2001), and overland flow energy
and scour erosion (Wondzell and King, 2003), due to
reduced contact cover;

4. changes in soil erodibility (Giovannini and Lucchesi,
1983; Scott et al., 1998);

5. changed levels of bioturbation (Dragovich and Morris,
2002; Shakesby et al., 2007);

6. and, at larger spatial and temporal scales; increased sat-
uration-excess runoff due to reduced evapotraspiration
and subsequent increases in the water table (Langford,
1976; Kuczera, 1987); increased streampower due to
increased peak-flows; increased frequency of debris-
flows (Cannon et al., 2001).
The combined effect of these changes to runoff and ero-
sion processes is a net change in erosion rates, and ulti-
mately in sediment delivery from the catchment.
Widespread hillslope erosion by concentrated overland flow
is often observed after wildfire in a range of climate and for-
est types (Leitch et al., 1983; Shakesby et al., 2003). Mod-
elling by Wondzell and King (2003) suggested that this is
the dominant mechanism for surface erosion following fire
in the USA. Despite this, changes in interrill erosion rates
following fire have been measured far more frequently than
changes in rill erosion rates, probably reflecting the exis-
tence of well established experimental methodologies for
quantifying the former. Based on this evidence, this study
explicitly focuses on the post-fire generation of runoff and
subsequent erosion by rainfall and concentrated overland
flow at the plot to hillslope scale (points 2, 3, and 4 above).

Fire can increase the generation of infiltration-excess
runoff by increasing the spatial and temporal frequency
and severity of water repellence (Robichaud, 2000; Varela
et al., 2005). In addition to fire, water repellence is also
strongly influenced by soil dryness (Doerr and Thomas,
2000; MacDonald and Huffman, 2004) and numerous other
soil properties (Bond and Harris, 1964; Harris et al., 1964;
McKissock et al., 1998; DeBano, 2000a,b). While the pres-
ence of water repellence is often reported in runoff studies,
the processes responsible for water repellence are rarely
investigated in these studies, limiting the ability to general-
ize research findings. Soil water repellence was reviewed
extensively by DeBano (2000a,b). DeBano (1981) proposed
a model in which fire promotes water repellence as a result
of the movement and subsequent condensation of vaporized
organic substances due to a strong temperature gradient in
the soil during the fire. However, the contribution of fire-in-
duced water repellence to changes in runoff generation is
often unclear because research methods usually do not al-
low water repellence effects to be quantified independently
of other fire-related changes (Shakesby et al., 2000). For
example, increased runoff generation following fire has also
been attributed to the washing in of ash particles, resulting
in the blocking of soil pores (Shakesby and Doerr, 2006),
though there is limited accessible literature to support this
reasonable contention.

The presence of existing soil macropores can affect the
magnitude of the runoff response to water repellency. Sha-
kesby et al. (2000) highlight spatial contiguity as a key
determinant of the magnitude of the impact of increased
water repellence on soil erosion rates. This is considered
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both in terms of the degree of patchiness of the hydropho-
bic soil and the frequency of other by-pass pathways pro-
vided by cracks and macropores. Burch et al. (1989)
highlighted the role of root channels when explaining the
lack of a measurable impact on runoff under highly water-
repellent conditions in an Australian Eucalyptus forest.
Ferreira (1996) in Shakesby et al. (2000), reported infiltra-
tion rates over burnt-out root channels that were orders
of magnitude higher than rates for the surrounding water-
repellent soil.

Following fire, an increased proportion of rainfall and
runoff kinetic energy; a major driver of soil erosion (Wis-
chmeier and Smith, 1958), is expended on the soil surface
due to the removal of contact cover by burning. The loss
of contact cover is likely to be a major factor explaining in-
creased soil erosion following fire in wet Eucalyptus forests
because under unburnt conditions cover is close to 100%,
resulting in extremely low erosion rates. For example, Lu
et al. (2003) predicted erosion rates from Eucalyptus forests
in SE Australia to be lower than all other landscape catego-
ries in Australia, despite the relatively steep landscapes and
higher rainfall common in forested areas. Cover in close
contact with the soil surface is far more effective at reduc-
ing erosion than equivalent canopy cover because falling
drops are so close to the soil surface that they regain little
fall velocity. In addition, cover in contact with the soil can
reduce flow velocity by roughness, thereby reducing both
the erosive potential and the transport capacity of the flow.

The relationship between soil cover and erosion rates is
generally non-linear, with increasing cover levels resulting
in decreases in erosion rates that are typically represented
as either negative exponential (Renard et al., 1991; NSERL,
1995) or reciprocal functions (Loch, 2000) of the proportion
of cover. The rate of erosion reduction with increasing con-
tact cover level is highly variable, and is strongly associated
with the relative contribution of rill and interrill erosion to to-
tal erosion at the site of interest. In general, cover is more
effective at reducing erosion when rill erosion rates are high.

Fire can also change the erodibility (rate of soil loss per
unit of rainfall/flow energy) of the soil (Wilson, 1999),
although experimentally this change is often difficult to iso-
late from other factors such as loss of soil cover. Immedi-
ately after fire the surface ash layer is of low density and
prone to erosion, yielding an initial increase in erodibility.
For the underlying soil fire can result in increased aggregate
stability due to increased physical bonding between clay
and silt particles (Blake et al., 2007), or reduced stability
due to oxidation of organic matter. For example, Craig
(1968) found that the aggregate stability of a clay-loam for-
est soil was strongly enhanced, and dispersion reduced, fol-
lowing heating above 400 �C.

The preceding discussion highlights the fact that the net
increases in erosion following fire are a function of many
interrelated and interacting processes and properties, and
as a result the net effect of fire on erosion is both highly var-
iable and probably difficult to predict. Compounding these
difficulties are underlying issues related to the scale of mea-
surement. Recent reviews/research on soil water repellence
and erosion (Shakesby et al., 2000), wildfire and erosion (Sha-
kesby and Doerr, 2006), and rainfall–runoff modelling (Doerr
et al., 2003) have highlighted the critical role of spatial scale
of measurement in the interpretation of small-plot erosion

AUTHOR

data. In particular, the reviews emphasize the need to under-
stand how processes measured at the small-plot scale may
interact with hillslope properties at larger scales, and to sed-
iment delivery at catchment outlets.

The suite of experimental procedures described in this
paper have been selected with this scaling issue in mind,
and will hopefully lead to an improved conceptual under-
standing of erosion processes following fire, and ultimately
to improved modelling capability. The presented hillslope
erosion results can be interpreted in the context of the par-
allel catchment scale study undertaken in the East Kiewa
Research Catchments after the same 2003 fire, reported
by Lane et al. (2006a).

 COPY
Methods

Site description

The research sites are located in wet Eucalyptus forest
within the East Kiewa Research Catchments in NE Victoria,
Australia (Fig. 1), described by Leitch (1979), Laing
(1981), Hough (1983), Papworth et al. (1990) and Lane
et al. (2006a). Briefly, the geology in the upper part of
the research catchments (where the erosion experiments
were conducted) consists of quartz diorite and Ordovician
Gneiss (Laing, 1981). The elevation is 1200–1300 m and
the topography is steep with slope gradients >24� on more
than half the catchment (Leitch, 1979). The soils are friable
brown gradational clay-loams and sandy clay-loams gener-
ally <1.5 m deep grading to coarse sand C horizons (Hough,
1983). There is decreasing pedality with depth and stones
and rocks are distributed throughout the profile. The sur-
face soils have low susceptibility to slaking, dispersion,
and erosion (Hough, 1983; McKenzie et al., 2004). The soils
are classified in the Australian Soil Classification (Isbell,
1996) as Acidic Eutrophic Red Dermosols.

Mean annual rainfall is around 1800–2000 mm, with a
winter/spring dominant distribution. Intense summer thun-
derstorms are common in the area. Snow falls occur inter-
mittently at higher elevations in cooler conditions. Mean
daily maximum temperature is 17.2 �C and mean daily min-
imum is 5.4 �C. The vegetation is wet sclerophyll and has
been described by Smith et al. (1981) and Papworth et al.
(1990). Mature Alpine Ash (Eucalyptus delegatensis RT Ba-
ker) exists in almost pure strands in the upper catchment,
often showing the effects of previous wildfires in 1919 and
1939. The East Kiewa research catchments were extensively
burnt in January and February 2003 at a moderate-severe
intensity, during widespread wildfires that burned more
than 1.3 M ha of mostly forested land across the state of
Victoria. A small (approximately 1 ha) area in the upper part
of the catchment was not burnt. Severe crown scorch was
apparent for most trees, and a high proportion of the Alpine
Ash were killed. Details of burn severity in the research area
are given by Lane et al. (2006a).

Water repellence and soil water content

The relationship between soil water content and soil water
repellence was determined. Individual soil samples were
collected to a depth of 5 cm from 45 locations across the
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Figure 1 The location of the research area (36�48’S, 147�12’E).
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burnt area in autumn 2003, and from five locations within
the unburnt area in 2005. Samples were bulked as either
burnt or unburnt, and a representative 2 kg sub-sample of
each was taken, crushed to 2 mm and dried at 40 �C. Water
repellence was determined on both the wetting and drying
cycles. For the wetting cycle, a sub-sample was taken in a
Petri dish for water repellence testing, and a corresponding
10 g sub-sample was taken for determination of the gravi-
metric water content (GWC) by oven drying overnight at
105 � C in a soil tin. Sixty milliliter of water was then added
to the remaining bulk soil and mixed thoroughly, and the
above sampling procedure repeated. This approach pro-
vided a series of paired measurements of GWC and water
repellence on the wetting cycle, from a GWC close to zero,
up to about 40% water content. A similar procedure was
adopted for the drying cycle except that the bulk soil was
initially wetted close to field capacity (around 45% GWC
for this clay-loam soil). The bulk soil was spread thinly on
a tray and dried in an oven at 100 �C, after a time a sub sam-
ple was taken and GWC and water repellency determined,
the bulk soil was then returned to the oven, procedure
was repeated to yield a range of soil at different GWC. An
assumption made here is that all soil particles are wetted
by the addition of water, which cannot be guaranteed
(Doerr and Thomas, 2000). Additionally, there is a risk that
the repellency values could change during heating, which
did not replicate natural drying conditions.

Water repellence was assessed using the molarity of eth-
anol droplet (MED), which is similar to methods described by
King (1981), Doerr et al. (1998) and Leighton-Boyce et al.
(2005). The MED test involves determining the lowest con-
centration of ethanol at which a droplet will penetrate
the surface of the soil in five seconds. Ethanol–water solu-
tions with concentrations between 0.0 and 5.0 M were pre-
pared in 0.25 M steps. Ethanol concentrations were
converted to surface tension values based on functions re-
ported by Butler and Wightman (1932).

Rainfall simulation

Rainfall simulation (RFS) was used to quantify the infiltra-
tion-excess runoff generation and sediment concentration
in the field, at approximately 6-monthly intervals over the
period of the study. Simulated rainfall with an energy of
295 kJ ha�1 mm�1 was applied for 30 min at a nominal
intensity of 100 mm h�1 to 1.5 m wide and 2 m long plots
established at three representative (as determined by visual
inspection) locations within each of the burnt and unburnt
areas. One hundred millimeter per hour intensity is similar
to the higher range of intensities employed by Wilson
(1999), Benavides-Solorio and MacDonald (2001) and Lane
et al. (2004) in fire erosion/infiltration studies and is a com-
monly used intensity in Australian rainfall simulation studies
(Connolly et al., 2002).

As vegetation recovered, rainfall simulation plots were
selected in order to include levels of vegetation cover that
were representative of the mean surface contact cover for
the entire burnt catchment as determined from vegetation
and cover surveys (Lane et al., 2006a). The vegetation and
cover level on the rainfall simulation plots was assessed
using field cover charts (McDonald et al., 1990). The propor-
tion of contact cover is reported including all elements that
protect the soil from raindrop energy, including leaf litter,
rock, wood, bark and branches, grass, and other low-grow-
ing vegetation.

Typical plot slopes were in the range 15–30�, and plots
were selected to have minimal cross slope. Plots were bor-
dered using steel sheets hammered into the ground, and
overland flow was collected at the downslope end of the
plot in stainless steel troughs, sealed to the soil surface
with petroleum jelly. The RFS delivers raindrops from
three oscillating fan-shaped sprays at 1 m centres sweep-
ing intermittently across the plot surface and is based on
an original design by Bubenzer and Meyer (1965), which
was modified by Loch (1989). Water was supplied to the
rainfall simulator from a 1000 L tank filled at nearby forest
streams. Samples of the supply water were collected to
ensure that background sediment concentration could be
discounted in calculations of the sediment concentration
of plot runoff.

Timed runoff samples were collected at regular time
intervals in 500 mL plastic bottles for measurement of
the runoff rate and sediment concentration. Typically eight
samples were collected during the 30 min rainfall event.
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The method for determination of suspended sediment con-
centration varied depending on the apparent sediment
load. For low concentrations, a 0.45 lm millipore filter
was used to filter 100 mL of suspension. For moderate con-
centrations, sub-samples were taken and dried in pre-
weighed 30 mL glass vials weighed to 4 decimal places.
For high concentrations, the sample was dried directly in
the pre-weighed oven-proof 0.5 L container to two decimal
places.

Sediment concentration and erosion rate is known to
vary with slope. The selected plots for individual rainfall
simulation experiments varied in slope. To allow compari-
son between treatments and time-steps, reported sedi-
ment concentrations are adjusted to equivalent values at
22� (the average value for all the plots) using the interrill
slope adjustment equation proposed by Sheridan et al.
(2003)

Sa ¼ �1:50þ 6:51=½1þ expð0:94� 5:30 sin hÞ� ð1Þ

where h is the plot slope in the direction of overland flow.
The water repellence of the soil at the time of the rainfall
simulation experiments was also determined from in situ
field water repellence tests at six points at the outer edge
of, and immediately adjacent to, the rainfall simulation
plots. The field method is a simplification of the King’s
(1981) molarity of ethanol droplet test, and utilizes a com-
parison of the ability (yes/no) for water and 2 M ethanol to
penetrate the soil in 10 s. This provides a broad
classification of water repellency into three classes: non-
water-repellent, where a water drop infiltrates in 610 s;
water-repellent (R), where water infiltrates in >10 s and
2 M ethanol infiltrates in 610 s, and strongly water-repel-
lent, where 2 M ethanol infiltrates in >10 s.

Antecedent soil moisture was quantified by collecting
soil samples for analysis of GWC. Samples were collected
down to a depth of 50 mm from four points immediately
outside each edge of the plot, samples were pre-weighed
then oven-dried at 105 �C for 24 h, the re-weighed.

Rill erosion simulation

Rill erosion simulation was used to determine the relation-
ship between concentrated overland flow and sediment
delivery at the hillslope scale. Rill erosion experiments
were conducted in autumn in 2003, 2004, and 2005. Water
was applied to the upslope end of plots bordered with
steel edges, 0.15 m wide and 3 m long. The plots had a rel-
atively even slope and no cross slope in order to prevent
water preferentially flowing down one edge of the plot.
Two plot slopes were selected: 15� and 25�, with two rep-
licates at each slope. Flow application rates were con-
trolled in the range 0.03–1.7 L s�1 via a rotameter, with
water pumped directly from nearby streams. Runoff water
was collected at the base of the plot via a funnel-shaped
trough. Four or five runoff rates were applied to each plot,
varying from a low flow that did not detach sediment, to a
high flow that was actively eroding the soil. Selection of
appropriate runoff rates required some subjectivity, and
the appropriate rates changed considerably over the
course of the study.

To begin the runoff experiment, flow was introduced at
the upslope end of the channel onto a plastic pit and the
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stopwatch was started once the pit overflowed into the
channel. The time taken for the water to reach the trough
at the end of the channel was recorded. Every 30 s from
the time taken for overland flow to reach the trough, a sam-
ple of overland flow water was taken in a 500 mL plastic bot-
tle, the time the sample took to collect was recorded.
Three samples were taken during each flow rate, then the
flow rate was increased and sampling repeated. Samples
were then analysed for sediment concentration using the
laboratory procedures described in the rainfall simulation
section.

The experimental plots had no vegetation cover immedi-
ately following the fire. For subsequent plots, vegetation
cover was selected at two levels to capture the effect of
vegetation recovery on sediment generation levels from
overland flow. Vegetation cover levels were assessed using
visual comparison charts for percentage cover (McDonald
et al., 1990). Data were analysed to determine the fire-
recovery dependent relationship between the applied flow
rate and the measured sediment delivery rate.

 COPY
Saturated hydraulic conductivity

During the study, it became apparent that the soil saturated
hydraulic conductivity (Ksat) could not be estimated from
steady state runoff rates under simulated rainfall, and more
direct methods for the measurement of Ksat were required.
As a result, the Ksat measurements reported in this study do
not form a temporal series of values as is the case for the
rainfall simulation data. Ksat was measured directly using a
single-ring ponded infiltrometer in September 2004 from un-
burnt sites (13 replicates), and in March 2005, September
2005 and February 2006, (12, 8, and 12 replicates, respec-
tively) from burnt and unburnt sites during the same field
visit when the rainfall simulation experiments were
conducted.

The single-ring infiltrometer consisted of a 200 mm high
and 300 mm diameter steel ring hammered 50 mm into the
soil at selected locations near the rainfall simulation plots
at each the burnt and unburnt sites. Locations were se-
lected where (a) the steel ring could be inserted into the
soil, i.e. not on rocks, logs, trees or in large holes, (b) in
locations with least gradient on the steep mountain slopes,
and (c) within operational distance of the access road. A
float valve on the inside of the ring maintained the water
level at between 0 and 10 mm depth at the centre of the
ring. The infiltration capacity of the soil (mm h�1) was
determined from the straight-line portion of a plot of
cumulative infiltration (mm) against time (h). Initial trials
with the infiltrometer indicated very high infiltration
capacities, indicating that the flow rate was dominated
by gravity potential, and the use of a double-ring infiltrom-
eter was therefore considered unnecessary for the pur-
poses of this study. Reported values of Ksat are adjusted
for the use of the single ring infiltrometer and for small
differences in head using an adjustment equation proposed
by Reynolds (1993).

Measurement of Ksat using the ring-infiltrometer is in-
tended to characterize the soil in relation to infiltration
and runoff generation. However, the method is limited by
the small scale of the sampled area (ring infiltrometer area
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is 0.07 m2) and by the difficulty in the selection of represen-
tative sample points in inaccessible, steep forests with
trees, rocks, burrowing animal and tree-root holes. An
alternative method for characterizing the ability of forested
hillslopes to infiltrate overland flow was proposed by Hair-
sine et al. (2002) and applied by Lane et al. (2006b). This
method, referred to as ‘‘volume to breakthrough’’ (Vbt)
quantified the volume of water required to reach a specified
distance downslope, and provides a quantitative assessment
of the extent to which overland flow can infiltrate
hillslopes.

In this study, the volume-to-breakthrough method de-
scribed above was modified for the high infiltration capacity
of the site so that a series of volume–distance pairs was re-
corded, allowing the changing rate of distance with dis-
charge-volume to be quantified. These experiments are
referred to as overland flow experiments in this paper.
The downslope distance of flow D (m) as a function of vol-
ume applied V (L) was modeled as

D ¼ Lmax 1� exp � V

ðS=LmaxÞ

� �� �
ð2Þ

where Lmax and S are fitted parameters optimized by mini-
mizing the error sums of squares using Newton’s method
(Burden and Faires, 2001). If the hillslope is viewed as a ser-
ies of leaky-buckets then Lmax is a function of the infiltration
rate and the flow width, while S is positively related to the
storage volume of each ‘‘bucket’’. At zero volume the dis-
tance equals zero and as the applied volume approaches
infinity the function asymptotes to Lmax, so Lmax can be
interpreted as the maximum plume distance for the applied
flow rate. The parameters Lmax and S were calculated for all
the overland flow experiments and mean values for each
field visit are presented as a timeseries since the fire.

Water was applied at the rate of 3 L s�1, pumped from
creeks and metered by a rotameter. The time for the flow
to reach each downslope distance was used to calculate
the total volume applied. The overland flow experiments
were repeated at six time-steps between 2003 and 2006.

For a subset of these experiments, the width of the flow
path was measured at 1 m intervals down the slope once
Lmax was reached, allowing the approximate Ksat value of
the soil to be estimated. The implicit assumption in this
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Figure 2 Variations of surface tension with soil moisture for an (a
repellence categories are from Leighton-Boyce et al. (2005).
approximation is that infiltration is dominated by gravity
flow (hence the steady state infiltration rate approximates
the Ksat value) and that saturated conditions exit across
the full width of the measured flow path.

In addition to the rainfall simulation, ring infiltrometer,
and overland flow experiments, a subset of the rill erosion
simulation experiments (aimed at quantifying erosion by
flow) were analysed in a way that provided an independent
approximation of Ksat. These experiments are described in
detail in the rill erosion simulation section. As a modifica-
tion to these experiments, after the maximum flow rate
had been applied, the flow rate was gradually reduced until
no runoff occurred from the narrow, bounded plots. The Ksat
value was then calculated from the water application rate
and the plot area, assuming that there were saturated con-
ditions over the entire plot area.

S COPY
Results

Water repellence and soil water content

Fig. 2 shows the laboratory-derived relationship between
soil GWC and soil water repellence, as indicated by the sur-
face tension of drops of different ethanol solution concen-
trations that infiltrate in 5 s. Lower surface tensions
indicate greater levels of water repellence. Results are
shown for unburnt and burnt soils, during both the wetting
and the drying phases. The water repellence categories
shown on the second vertical axis are from Leighton-Boyce
et al. (2005). The results indicate clear GWC thresholds at
which water repellence changes over a large spectrum from
wettable to severely repellent, suggesting that GWC alone
may explain a large proportion of the temporal variation
in water repellence for these soils. Some variability in the
water content-repellency relationship over the wetting
and drying cycles was observed. This may be due to hyster-
esis or to burn severity.

Rainfall simulation and runoff generation

Table 1 lists the plot conditions (slope, vegetation cover)
and total runoff from each of the 44 rainfall simulation
) unburnt, and (b) burnt soil from the experimental area. Water
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Table 1 Summary results for each of the rainfall simulation experiments at 100 mm h�1 for 30 min

Date Unburnt Burnt

Plot
#

Covera

(%)
Slope
(deg)

Runoffb

(mm)
Runoffb

ratio (%)
Sediment
(g)

Slope adj.c

sediment (g)
Plot # Covera

(%)
Slope
(deg)

Runoffb

(mm)
Runoffb

ratio (%)
Sediment
(g)

Slope adj.c

sediment (g)

2003
Feb U1 95 21 10 21 27 28 B1 25 27 14 28 302 267

U2 98 16 14 29 58 77 B2 5 26 11 22 276 248
U3 90 13 13 27 21 33 B3 10 23 27 54 1968 1916

Apr B4 20 21 24 47 183 191
B5 10 27 27 53 148 131
B6 15 28 32 64 190 163

Aug U4 100 25 0 0 0 0 B7 25 27 39 78 580 514
U5 100 25 1 2 1 1 B8 75 25 36 71 384 352

B9 20 27 23 46 1300 1151

2004
Feb U6 100 21 18 36 16 17 B10 50 27 19 38 68 59

U7 95 16 30 60 43 57 B11 25 24 10 20 50 47
U8 95 13 22 44 38 60 B12 55 28 32 64 122 105
U9 93 25 20 40 5 4
U10 100 25 14 28 5 5

Sept B13 75 27 13 27 59 52
B14 70 26 4 9 21 19
B15 60 27 22 44 82 72
B16 80 26 1 1 1 1

2005
Mar U11 100 21 7 13 1 1 B17 90 21 3 6 1 1

U12 95 16 8 17 3 4 B18 40 25 24 47 53 48
U13 98 13 4 9 4 6 B19 100 27 17 35 15 13

Sept U14 100 21 7 14 1 1 B20 98 25 2 4 4 3
U15 95 16 1 2 0 0 B21 90 27 2 4 4 3
U16 95 13 1 1 3 5 B22 100 24 3 6 8 7

2006
Feb U17 100 21 17 33 2 2 B23 95 25 24 47 13 12

U18 95 16 18 36 2 3 B24 95 26 33 67 11 10
U19 95 13 23 47 22 34 B25 90 24 34 67 47 44

a Cover percentage includes all soil contact cover, including vegetation, sticks, litter, rocks.
b Runoff adjusted linearly for small variations in rainfall intensity.
c Sediment delivery adjusted to a 22� slope using Eq. (1).
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experiments for the burnt and unburnt treatments over the
3 year study period. Typical burnt and unburnt plots are
shown in Fig. 3. Rainfall simulation could not be conducted
on April 2003 and September 2004 on the unburnt treat-
ments due to heavy rainfall/snowfall preventing access. To-
tal runoff volume Qt for the 30 min duration 100 mm h�1

simulated rainfall event was calculated from

Q t ¼
Xi¼n
i¼1

QiDt ð3Þ

where Qi is the ith point-measurement of runoff rate and Dt
is time period since the i � 1th measurement of Qi. Runoff is
reported as the runoff ratio (i.e. the proportion of rainfall
that becomes runoff), and was found to vary from a low
mean value of 0.2% of rainfall (0.1 mm) from the unburnt
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Figure 3 Rainfall simulation plots on a typical burnt plot
immediately after the fire, and below, a typical unburnt plot.
plots in August 2003, to a mean of 65% (33 mm) from the
burnt plots in August 2003.

Fig. 4a and b shows the infiltration rate (mm h�1) during
the 100 mm h�1 simulated rainfall at each measurement
time-step after the fire for the unburnt and burnt treat-
ments. Each curve shows the average value for the 2–3 rep-
licated plots listed in Table 1. Note that for clarity the
variability between replicates is not shown in Fig. 4a and
b. However an indication of variability is given in Table 1.
The infiltration rate on the burnt plot at 0.5 months after
the fire shows a steady decline over the 30 min simulation,
contrasting with both the burnt plots at subsequent time-
steps, and the unburnt plots at all time-steps where infiltra-
tion rates generally approach an approximately steady-state
after about 10 min of rainfall.

Fig. 5a plots the temporal change in water repellence,
antecedent GWC, and runoff ratio for the rainfall simulation
experiments on the unburnt plots and provides a better
illustration of temporal change in the runoff ratio over the
3 years of measurement. A seasonal oscillation in runoff ra-
tio for the unburnt plots is clearly evident, with high runoff
ratios of up to 42% recorded in summer/autumn, and low ra-
tios approaching 0% in winter/spring. The seasonal oscilla-
tion in the runoff ratio is coincident with a seasonal
oscillation in water repellence category, and also to a lesser
extent with the antecedent GWC of the soil, also plotted in
Fig. 5a.

The temporal pattern in the runoff ratio for the burnt
plots (Fig. 5b) differs markedly from the unburnt plots
(Fig. 5a). In particular, the runoff ratio of 65% in the first
winter (i.e. when the soils are wetter) following the fire
was clearly increased from the summer value of 35% imme-
diately after the fire. In strong contrast to the unburnt sites,
the strong water repellence developed in the summer prior
to the fire is retained into the following winter for the burnt
sites. However, from about 12 months post-fire onwards the
seasonal pattern in the runoff ratio for the burnt sites ap-
pears to converge to a similar seasonal oscillation to the un-
burnt sites, with gradually increasing amplitude. At the end
of 3 years, the seasonal oscillation in runoff ratio is of sim-
ilar amplitude for both the burnt and unburnt sites.

Rainfall simulation and interrill erosion

Details of the plot slope (degrees), cover (%), total sediment
delivery (unadjusted), total sediment delivery adjusted to
22� slope, and runoff ratio are given in Table 1. Soil contact
cover for the 19 unburnt plots was always greater than 90%,
and consisted of grass, rocks, and litter. Cover levels on the
burnt treatments varied from an average of 13% immedi-
ately after the fire (consisting mostly of rocks and dead
leaves) to levels >90% once contact cover vegetation recov-
ered and forest floor litter accumulated. The average slope
of the 25 burnt plots was 26� and of the 19 unburnt plots it
was 18�. The average slope of all the plots was 22�, and the
measured sediment delivery has been adjusted to this slope
using Eq. (1) to enable direct comparison between plots and
treatments (see last column in Table 1). Variation in runoff
rates due to this range of slopes is assumed to be small and
no slope adjustments have been made to runoff rates. The
mean sediment concentration of the rainfall simulation sup-
ply water was 15 mg/L.
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Figure 4 Timeseries plots of (a, b) Infiltration rate (mm h�1), (c, d) sediment concentration (g/L) and (e, f) sediment delivery rate
(mg/s) under 100 mm h�1 simulated rainfall at each measurement time-step since the fire. Winter values are shown in solid symbols,
summer and autumn values in open symbols.
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Fig. 4c–f shows the change in sediment concentration
(g/L) and sediment delivery rate (mg/s) during 100 mm h�1

simulated rainfall for 30 min for burnt and unburnt plots at
each time-step after the fire. Each curve shows the aver-
age value for the replicated plots listed in Table 1. Sedi-
ment concentration and sediment delivery values have
been adjusted for variation in slope between plots using
Eq. (1) and are expressed as an equivalent rate at 22�
slope.

The temporal change over the period of the study in the
total event sediment concentration of runoff from the rain-
fall simulation plots is shown in Fig. 6a. Sediment concen-
tration values adjusted to a 22� slope and averaged for
each field visit for the rainfall simulation plots on unburnt
plots were in the range 0.20–1.2 g L�1. Sediment concen-
trations from the burnt plots were approximately 10 times
greater than from the unburnt plots immediately after the
fire. However one year later, after an increase in vegetation
cover to about 43%, the burnt plots produced sediment con-
centrations that were only 2–3 times greater than the un-
burnt plots, and by 2 years the unburnt and burnt sites
were producing similar low sediment concentrations, of
0.20 and 0.30 g L�1, respectively. The relatively low sedi-
ment concentration of 2.0 g L�1 recorded in April 2003 at
the burnt site may have been influenced by 80 mm of rain
in the 4 days prior to the simulation run, which could have
reduced available sediment levels for the simulated rainfall
events.
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Figure 5 Temporal change in runoff ratio, water repellence
category, and gravimetric water content of the soil for
(a) unburnt, and (b) burnt rainfall simulation sites. Definitions
of water repellence categories are given in the text. Error bars
are ±1 standard error.

Figure 6 Temporal change in (a) mean sediment concentra-
tion and (b) mean total sediment load from 100 mm h�1 rainfall
simulation for 30 min, adjusted to 22� slope. Error bars are 1
standard error.

Figure 7 Change since the fire in the ratio of burnt to unburnt
total sediment delivery, showing the large jump in this ratio in
the first winter following the fire, and the return to a value
close to 1 after 3 years (note the log scale on the vertical axis).
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The temporal change in the total sediment delivery (g)
from the 30 min 100 mm h�1 rainfall event is shown in
Fig. 6b. The total sediment delivery value integrates the ef-
fect of temporal changes sediment concentration and tem-
poral changes in the runoff ratio during the rainfall event.
Immediately following the fire the total sediment delivery
from the burnt sites is 18 times greater than from the un-
burnt sites, due to an average 10-fold increase in sediment
concentration, and an average 1.5-fold increase in the run-
off ratio.

However by winter the runoff ratio from the unburnt sites
decreases dramatically from 26% to only 1.3%, while for the
burnt sites the runoff ratio increases from 35% to 65% over
this period. At the same time the sediment concentration
reduces to 0.2 g/L at the unburnt sites, while at the burnt
sites increasing the cover from 13% to 40% results in sedi-
ment concentrations remaining high at 8.0 g L. In combina-
tion, these changes in hydrology and sediment
concentration yield a total sediment delivery that is 2240
times higher from the burnt sites compared to the unburnt
sites in the winter following the fire (Fig. 7). Note that the
very low sediment load in August 2003 cannot be seen in
Fig. 6b. Only six months later in the summer one year after
the fire, cover levels, runoff ratios, and sediment concen-
trations have again changed so that total sediment delivery
rates are only 2.5 times greater in the burnt compared to
the unburnt sites. Ratios between burnt and unburnt sites
approach 1 towards the end of themonitoring period (Fig. 7).
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Rill erosion

The results from the rill erosion simulation experiments in
2003, 2004, and 2005, at two plot slopes (13� and 27�),
and two cover levels (<20% and 90%), are shown in Fig. 8.
Each point on the graph is the mean of three sediment deliv-
ery measurements. Note that in 2003 there is only one cover
level (zero) as the plots were completely burnt. Erosion
rates were observed to decline rapidly during the applica-
tion of a given flow rate as available sediment was removed,
so the values shown in Fig. 8 should not be interpreted as
absolute rates of sediment generation that would be sus-
tained continuously at a given flow rate. Rather, the values
provide relative comparisons using a consistent methodol-
ogy between slopes, cover levels, and years. The rapidly
declining rates of sediment production during a given flow
rate (not shown) indicate that these forest soils become
highly resistant to rill erosion at relatively shallow depths.

The most striking feature of Fig. 8 is the large decline in
rill erodibility in the first year after the fire for both levels
of land slope and cover. Rill erodibility is defined as the rate
of change of sediment delivery (g s�1) with discharge rate
(L s�1), and is therefore expressed as a concentration
(g L�1). One year after the fire rill erodibility is in the range
1/12th to 1/28th of the values immediately after the fire,
depending on cover and plot slope. Two years after the fire
the range is 1/36th to 1/540th, clearly a very large
reduction.

Rill erodibility values for this undisturbed/unburnt forest
are not known, though it is assumed the high-cover plots in
2005 are similar to this forest unburnt. The absolute values
of rill erodibility recorded in 2005 suggest that runoff gener-
ated in unburnt forest is likely to result in very low erosion
rates. It is important to note that these rill erodibility re-
sults do not indicate actual erosion rates by rill erosion in
the forest. Rather, the results quantify the change in the
susceptibility of the soil so rill erosion. Whether or not rill
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Figure 8 Sediment delivery as a function of the rate of concen
Regression coefficient (g/L) and coefficient of determination (in bra
models have been forced through zero, and there is no high-cover
erosion actually occurs depends on the generation and con-
centration of overland flow during storm events.

The similarity in the flow rate vs erosion rate relationship
at both levels of cover suggests the large decline in the rill
erosion rates between 2003 and 2004 is largely attributable
to changes in soil erodibility rather than vegetation recov-
ery. The high erodibility immediately after the fire is prob-
ably attributable to the presence of a highly erodible ash
layer on the soil surface, combined with dry, water-repel-
lent, strongly aggregated loose soil on the soil surface.

Saturated hydraulic conductivity

Ring infiltrometer
Measured Ksat values from the 45 ring infiltrometer measure-
ments are summarized in Table 2. The mean value for all
the Ksat measurements was 886 mm h�1 (SD = 826 mm h�1),
indicating that Ksat is extremely high on average, and is also
highly variable spatially and temporally. Mean infiltration
rates were highest for unburnt sites in winter, but no signif-
icant differences (t-test, p < 0.05) were found between sea-
sons (summer vs winter) and treatments (burnt vs unburnt).
The mean adjustment factor (Reynolds, 1993) using this ap-
proach was 0.71 (SD = 0.07).

Overland flow experiments
A total of 41 overland flow experiments were conducted in
burnt areas at six time-steps over the period of the study.
The mean value at each time-step (i.e. the average value
measured at each field trip) of the parameter Lmax in Eq. (2)
is plotted as a timeseries in Fig. 9. The mean Lmax value of
18 m recorded immediately after the fire increased to about
21 m in the winter following the fire, indicating a reduction
in the infiltration capacity of the soil. This pattern of runoff
increase is consistent with the runoff data from the rainfall
simulation on the burnt treatments shown in Fig. 5, as is the
subsequent decrease in runoff also shown in Fig. 5.
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trated overland flow for 3 years, 2 cover levels and 2 slopes.
ckets) for the linear models shown in each graph. Note that the
category immediately after the fire in 2003.
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Table 2 Ksat values measured using the single ring infiltrometer

Treatment Summer Winter All

Unburnt 490 (305, 12) 1409 (1008, 15) 1001 (896, 27)
Burnt 853 (819, 12) 439 (198, 6) 715 (697, 18)
All 671 (632, 24) 1132 (960, 21) 886 (826, 45)

Values in parenthesis are the standard deviation and the number of replicates, respectively.

Figure 9 The temporal change in the value of the infiltration
related parameter Lmax in Eq. (2). Error bars are ±1 standard
error.
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The range of values for Lmax suggest that the infiltration
capacity varies by a factor of 2 over the period of the study,
a similar seasonal factor-change to that shown for the ring
infiltrometer measurements. The magnitude of this change
contrasts with the 12-fold factor change in the runoff ratio
after the fire for rainfall simulation shown in Fig. 5.

The model given by Eq. (2) fits the data very well in most
cases, with a mean coefficient of determination value of
0.94 for the 41 overland flow experiments conducted on
burnt sites. The average, minimum, and maximum values
for the parameter Lmax were 13.5, 5.5 and 25 and for S they
were 3690, 206 and 19,260, respectively.

Converting Lmax to a soil Ksat value was not generally pos-
sible as the width of the flow path was not known. However,
for two of the latter field visits the widths of the flow paths
during the overland flow experiments were measured, yield-
ing a mean Ksat value from ten measurements in February
2005 of 1200 mm h�1 (SD 500) and from five measurements
in February 2006 of 1100 mm h�1 (SD 200), respectively.
These approximate measurements suggest that the infiltra-
tion capacity is in the order of 1000 mm h�1. This infiltration
value is 10–20 times higher than the apparent infiltration
rate calculated from the difference between rainfall and
runoff during the rainfall simulation experiments.

Discussion

Post-fire erosion processes

A general reading of the literature suggests widespread
overland flow erosion is a common feature of the post-fire
landscape (Leitch et al., 1983; Shakesby et al., 2003;
Wondzell and King, 2003). This process is often attributed
to an increase in runoff generation due to water repellence,
an increase in erodibility, and the loss of soil cover (DeBano,
2000b). These changes were all also measured in this study
– rill erodibility increased 540-fold (Fig. 8), water repel-
lence changed from repellent to strongly repellent
(Fig. 5), and cover reduced from >90% to <15% (Table 1). De-
spite these changes, widespread rill erosion was not ob-
served in this catchment after the fire, for the following
reasons. The ring infiltrometer measurements showed that
the soil Ksat remained extremely high, in the order of 100s
to 1000s of mm h�1. The overland flow experiments showed
that as a result of this high Ksat, high concentrated flow vol-
umes (3 L s�1) could have infiltrated within relatively short
distances, suggesting that under most rainfall conditions
overland flows are likely to be transient, infiltrating into
areas of high Ksat downlsope.

Despite the very high Ksat values measured using the ring
infiltrometer, runoff ratios from 100 mm h�1 simulated rain-
fall as high as 65% were recorded. These seemingly contra-
dictory results between Ksat and the apparent infiltration
rate can only be reconciled by adopting a conceptual model
involving Ksat values that are extremely spatially variable
(Sharma et al., 1980). The value in considering Ksat as a var-
iable spatial field has become increasingly clear (Hawkins,
1982; Hawkins and Cundy, 1987). However in the case of this
study this conceptual approach is essential.

The important water quality conclusions from the above
results are that following fire, most of the infiltration-ex-
cess overland flow reaching streams in this catchment are
produced from within several metres of the stream edge,
and that the transported sediment is generated by interrill
processes. As a consequence, the area burnt near streams
is the critical factor affecting water quality impacts in these
catchments, rather than the total area of the catchment
that is burnt. This conclusion suggests that, conceptually,
vegetated buffer strips are not areas trapping sediment
from upslope, but rather these areas are the primary source
of sediment and pollutants to streams.

Signs of interrill erosion in the burnt catchment were
obvious. Soil pedestals were evident beneath small stones,
and the collection of deposited material in small depres-
sions was observed. The signs of accelerated interrill ero-
sion were consistent with the rainfall simulation results.
The 18-fold increase in sediment delivery rate under simu-
lated rainfall following the fire is attributed to an on aver-
age 10-fold increase sediment concentration and an
average 1.5-fold increase in runoff generation. The ob-
served increase in sediment concentration is mostly attrib-
uted to the loss of soil cover, and to a lesser extent to
changes in the soil erodibility. For example, the interrill
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cover adjustment function in the WEPP (NSERL, 1995) hills-
lope erosion model predicts a 10-fold increase in the erosion
rate as cover is reduced from 92% to 0%; for the USLE model
(Wischmeier and Smith, 1978) a 10-fold increase is pre-
dicted as cover is reduced from 80% to 0%. If it is assumed
that cover accounts for about 10-fold of the net 18-fold in-
crease following the fire, then the erodible ash layer must
account for the remaining, approximately 2-fold, increase.
It follows that the rapid recovery of surface cover in these
highly productive wet forests is the dominant factor in the
rapid decline in interrill erosion rates following fire.

The 18-fold increase in plot-scale sediment delivery
found in this study can be compared to other plot scale ero-
sion studies where factor increases of between 2- and 1000-
fold are reported. These studies include Ronan (1986) 2–3-
fold increase; Williams et al. (1973) and Pierson et al. (2001)
4-fold; Johansen et al. (2001) 25-fold; Benavides-Solorio
and MacDonald (2001) 10–26-fold; DeBano et al. (1979)
34-fold; Prosser and Williams (1998) 70-fold; Moody and
Martin (2001) 150–240-fold. Shakesby et al. (1993) reported
splash erosion rates 100 times greater and plot scale erosion
rates 1000 times greater than from burnt compared to un-
burnt areas. Morris and Moses (1987) estimated early post-
fire increases in sediment movement of up to 1000-fold.
The large range in the amount of increase in sediment deliv-
ery after fire partially reflect the fact that soil erodibility,
rainfall energy, and soil cover do not act independently on
sediment delivery. The amount of increase may also be
highly dependent on the timing of the erosion measure-
ment. For example, if a single ‘‘post-fire’’ measurement
had been made in this study immediately after the fire then
the factor increase in sediment load would have been re-
ported as 18-fold. If a single measurement had been made
6 months later (still with very little vegetation recovery)
then the factor increase due to the fire would have been re-
ported as 2240-fold.

While higher runoff ratios were recorded on the burnt
sites immediately following the fires, the difference be-
tween burnt and unburnt (14 mm h�1) was far less than
found in many other studies. It seems that in this study
the burn has only moderately increased the water repel-
lence that was already present prior to the burn. These re-
sults are consistent with the findings of Leitch et al. (1983)
in a similar forest soil. Doerr et al. (2004) also found that
fire did not enhance natural water repellence in Eucalyptus
forest, and pointed out that it is often assumed, but rarely
demonstrated, that water repellence noted after a fire has
actually been induced as a result of the burn. Varela et al.
(2005) also found that while fire increased the water repel-
lence of non-water-repellent soils, for soils that were al-
ready water-repellent the fire caused little change in
repellence. Reasons for the continued increase in the runoff
ratio into the following winter (Fig. 5) are unclear and may
include: (a) a drier soil profile at the burnt site (6% GWC)
than the unburnt site (23% GWC) because of increased soil
exposure and subsequent evaporation; (b) a continued in-
crease in water repellence due to the fire; and/or (c) the
washing in of ash into the soil pores, reducing infiltration
over time. Only the first of these possible explanations
can be evaluated in this study because the field water repel-
lence tests do not have the resolution to quantify further
increases in water repellence greater than ‘‘strongly-
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repellent’’, while the role of ash was not investigated as a
separate treatment.
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Pre-fire erosion processes

Measurements in unburnt areas, intended for comparative
purposes only, provided unexpected insights in their own
right. Unburnt areas showed a large natural seasonal oscilla-
tion in water repellence (non-repellent in winter to strongly
WR in summer) and runoff generation (2–5% in winter to
42% in summer) as the soil gravimetric water content
crossed a threshold. Laboratory experiments (Fig. 2) suggest
this threshold may be between 15% and 30% GWC, but these
values should be treated with some caution as the labora-
tory conditions may not replicate natural processes (see
Section ‘‘Water repellence and soil water content’’). It
may be the threshold value is greater or less than the range
given here. More certainty in this threshold may be required
for model parameterisation. The strong natural WR found in
this study has been noted previously in SE Australian Euca-
lyptus forests by Crockford et al. (1991), Burch et al.
(1989), Prosser and Williams (1998) and Doerr et al.
(2006). Seasonal oscillations in runoff ratio of a similar mag-
nitude have been reported from natural rainfall plots (in the
600–1000 mm y�1 zone) on similar soils by Costin et al.
(1960), Gilmour (1968) and Ronan (1986), suggesting that
10-fold increases in the runoff ratio in the summer months
may be common in finer textured Eucalyptus forest soils.
Considering these results alongside the larger body of liter-
ature relating to sandy Eucalyptus forest soils (Shakesby
et al., 2007), it can be speculated that seasonal WR may
be common in a wide variety of such soils.

The absolute value of the runoff ratios measured in this
study (during 100 mm h�1 simulated rainfall) varied be-
tween 2% and 40%. Croke et al. (1999) reported runoff ratios
of 12% under similar simulated rainfall conditions, while val-
ues in the range 0–3% have been previously reported for SE
Australian forest soils under natural rainfall (Costin et al.,
1960; Craig, 1968; Williams et al., 1973; Bren and Turner,
1979; Ronan, 1986). These low runoff ratios result from very
high Ksat values. Values in the range 500–1400 mm h�1 were
measured in this study using a range of techniques. Ksat val-
ues reported for other well structured clay-loam soils with
abundant macropores in wet Eucalyptus forests are of a sim-
ilar magnitude (Talsma and Hallam, 1980; Huang et al.,
1996; Davis et al., 1999; Lane et al., 2004). Numerous other
studies have reported considerably lower Ksat values, but re-
sults by Topp and Binns (1976) and Davis et al. (1999) sug-
gest many of these may be underestimates due to the
sensitivity of the Ksat measurements to the measurement
method used.

The very low erosion rates (0.2–1.2 g/L) measured from
the unburnt rainfall simulator plots were expected in this
study because soils in wet SE Australian Eucalyptus forests
tend to have high aggregate stability, low inherent erodibil-
ity (Sheridan et al., 2001; McKenzie et al., 2004) and high
contact cover levels.

These results can be compared with measured factor in-
creases in sediment exports from the East Kiewa Research
Catchments of 8–9-fold in the first year, and 2–4-fold in
the second year after the fire (Lane et al., 2006a). However
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direct comparison of the hillslope erosion data with catch-
ment export data is difficult as uncertainty remains with re-
spect to the contribution of other erosion processes to
catchment scale exports of sediment. For example, satura-
tion-excess overland flow may also be generated in these
near stream areas, although studies in other Australian for-
ests in steep landscapes (e.g. Lane et al., 2004) suggest that
these areas are probably only narrow in width due to the
steep landscape and the high lateral hydraulic conductivity
of the soils. However, this assumption is untested in this
catchment, and further experiments are currently being
developed to quantify the degree of near-stream satura-
tion-excess overland flow occurring in the East Kiewa catch-
ments. Sediment may also be generated (re-mobilised) from
within the stream channel due to decreased evapotranspira-
tion and subsequent increased total flows and peak-flows.
Increases in annual total flows of between 40% and 94% were
recorded in the two experimental catchments in the two
years following the fire (Lane et al., 2006a). Mass-move-
ment processes such as slumps and debris-slides were ob-
served in some other fire-affected catchments, but were
not observed in these research catchments.

AUTHO
A conceptual model of forest erosion

The results from the suite of experimental procedures de-
scribed in this paper have led to a conceptual model of
post-fire erosion that differs considerably from our expecta-
tions prior to this study. There was no evidence of debris-
slides or other mass-movement processes following the fire.
Our expectations of flow-driven erosion processes, affecting
much of the catchment have been replaced by a conceptual
model where only the near-stream areas deliver sediment to
streams, from interrill rather than rill processes. Given the
very high Ksat values observed in these environments, we
propose that this model would hold for the wet eucalypt for-
ests of SE Australia under most rainfall magnitude–fre-
quency scenarios. The response to high magnitude–low
frequency events would be an expansion of the near-stream
sediment delivery area. This can be conceptualised as an
infiltration-excess variable source area.

Measurements of 50% runoff ratio under 100 mm h�1

rainfall, at the same time as measured Ksat values are in
the order of 100s to 1000s of mm h�1, indicate that most
of the common modelling approaches to predicting runoff
and erosion (e.g. Green and Ampt, 1911; NSERL, 1995) are
inappropriate for these forests both in the burnt and un-
burnt conditions. This is because the dominant driving pro-
cesses and soil properties are not represented. Most
importantly, the prediction of runoff generation via point-
scale conceptual models of infiltration (e.g. Green and
Ampt, 1911) without any consideration of the spatial vari-
ability of soil hydraulic properties, will lead to non-sensical
results. This is clearly seen by comparing the runoff ratios in
Fig. 5 with the Ksat values listed in Table 2.

Analytical modelling solutions to this problem proposed
by Hawkins (1982) and Hawkins and Cundy (1987) have been
shown to work effectively in agricultural areas at the plot
scale by Yu et al. (1997) and Yu (1999). Yu et al. (1998)
has shown that, given some reasonable assumptions, com-
mon empirical catchment scale runoff estimation proce-
dures such as the SCS curve number method (SCS, 1985)
implicitly represent Ksat as a spatially variable parameter.
Recent improvements (Morbidelli et al., 2007) to earlier
numerical methods at the plot scale (Woolhiser et al.,
1996; Smith and Goodrich, 2000; Govindaraju et al., 2006)
also show considerable promise. The common conceptual
theme behind all of these approaches is the representation
of, at least, the effects of spatial variability of soil proper-
ties on runoff generation. These approaches are also likely
to lead to improved scaling of hydrological results, a critical
issue in hydrology (Grayson and Bloschl, 2000; Doerr and
Moody, 2004).

Failure to represent the temporal variability of Ksat due
to water repellence will also lead to results that are incor-
rect, not only in terms of absolute magnitude, but also
direction of change on a seasonal basis. The results also sug-
gest that the washing-in of ash may play an important role in
the temporal variation in Ksat and further work is required to
quantify the effect of this process.

The prediction of rill erosion as an increasing function of
either flow rate, shear stress, or stream power, will grossly
overestimate erosion rates in this environment because the
soil erodibility reduces dramatically with depth. In the study
catchment after the fire the soil can be conceptually consid-
ered as consisting of two layers; a highly erodible shallow
layer of loose soil aggregates and ash, overlying a soil matrix
of extremely low erodibility. This arrangement is not com-
monly represented in erosion models which have been pre-
dominantly developed for tilled agricultural soils with
homogeneous erodibility over the depth of interest. In con-
trast with the above, current approaches to the prediction
of interrill erosion as a function of rainfall energy and runoff
volume (Kinnell, 1997) appear to be reasonable in the post-
fire environment.

S COPY
Conclusion

The suite of experimental methods utilized in this study en-
abled the dominant post-fire erosion processes to be identi-
fied and quantified for a wet Eucalyptus forest. The first key
finding from this study is that following fire, hillslope ero-
sion in these catchments is generally localized, and domi-
nated by interrill processes. This finding will have
significant implications for those attempting to estimate
the likely impact of fire on water quality because the source
areas for sediment are restricted to the streamside zone.
These results imply that the condition (i.e. unburnt, se-
verely burnt, etc.) of most of the catchment is probably
of little consequence with respect to catchment exports
of sediment, because these areas remain disconnected from
the stream system during most rainfall events.

Secondly, the study clearly shows that the erosion risk
(relative to the background level) in the first winter follow-
ing the fire is orders of magnitude greater than both before
and after this season. One year after the fire, the erosion
risk is only 2–3 times higher than the background level.
These results provide some guidance to water authorities
managing risks to water quality following wildfire in water
supply catchments.

Lastly, the results indicate that many of the current con-
ceptual models underlying runoff and erosion prediction are
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inappropriate for both the burnt and unburnt forest because
the dominant driving processes and soil properties are not
represented. Common point-scale infiltration modelling ap-
proaches (e.g. Green and Ampt, 1911) will lead to results
that are incorrect in magnitude, but also in direction on a
seasonal basis. Realistic conceptual models of runoff and
erosion are required, in particular that will incorporate
the effects of spatial and temporal variability of Ksat.

Future work will attempt develop better conceptual
models of runoff generation and erosion that will link the
processes and properties quantified in this paper, with the
catchment scale exports reported by Lane et al. (2006a).
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