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[1] Erodibility describes the inherent resistance of soil to erosion. Hillslope erosion models

typically consider erodibility to be constant with depth. This may not be the case after wildﬁre
because erodibility is partly determined by the availability of noncohesive soil and ash at the
surface. This study quantiﬁes erodibility of burned soils using methods that explicitly capture
variations in soil properties with depth. Flume experiments on intact cores from three sites in
western United States showed that erodibility of ﬁre-affected soil was highest at the soil
surface and declined exponentially within the top 20 mm of the soil proﬁle, with root density
and soil depth accounting for 62% of the variation. Variation in erodibility with depth resulted
in transient sediment ﬂux during erosion experiments on bounded ﬁeld plots. Material that
contributed to transient ﬂux was conceptualized as a layer of noncohesive material of variable
depth (dnc). This depth was related to shear strength measurements and sampled spatially to
obtain the probability distribution of noncohesive material as a function of depth below the
surface. After wildﬁre in southeast Australia, the initial dnc ranged from 7.5 to 9.1 mm, which
equated to 97–117 Mg ha1 of noncohesive material. The depth decreased exponentially with
time since wildﬁre to 0.4 mm (or < 5 Mg ha1) after 3 years of recovery. The results are
organized into a framework for modeling ﬁre effects on erodibility as a function of the
production and depletion of the noncohesive layer overlying a cohesive layer.
Citation: Nyman, P., G. J. Sheridan, J. A. Moody, H. G. Smith, P. J. Noske, and P. N. J. Lane (2013), Sediment
availability on burned hillslopes, J. Geophys. Res. Earth Surf., 118, doi:10.1002/jgrf.20152.

1.

measure of the amount of sediment detached under known
ﬂow conditions in laboratory ﬂumes or on hillslope plots
[Elliot et al., 1989; Govers et al., 1990; Nachtergaele and
Poesen, 2002; Robichaud et al., 2010; Sheridan et al.,
2007]. For example, in rill erosion, the erodibility is typically
parameterized as a constant equal to the detached sediment
per unit area divided by the applied shear stress or stream
power (e.g., Water Erosion Prediction Project Model and
European Soil Erosion Model) [Laﬂen et al., 1997; Morgan
et al., 1998; Nearing et al., 1989; Moody et al., 2005].
[3] Wildﬁres can increase erodibility by (i) producing a
new soil layer consisting of “ash” (deﬁned in this paper to
be a mixture of black soot, charcoal, and silt-sized mineral
soil particles) [Whicker et al., 2006; Cerdà and Doerr,
2008; Gabet and Sternberg, 2008; Onda et al., 2008], and
by (ii) heating and burning of the soil itself [Moody et al.,
2005; Moody et al., 2013; Robichaud et al., 2010; Wilson,
1999]. Heating and burning of the soil can cause an increase
in erodibility because of impacts on binding agents such as
roots, fungus, and organic compounds [DeBano et al.,
2005; Giovannini and Lucchesi, 1983; Hart et al., 2005;
Hungerford et al., 1991; Mataix-Solera et al., 2011; Moody
et al., 2005; Neary et al., 1999]. Aggregate stability of the
soil can be destroyed, and the near-surface root hairs are
typically charred or consumed, resulting in a layer of unstructured and noncohesive soil containing highly erodible
particles and aggregates [Blake et al., 2007; Gould,
1998; Mataix-Solera et al., 2011; Parsons et al., 2010].
A layer of noncohesive ash and soil is an important

Introduction

[2] Erodibility describes the inherent resistance of soil to
erosion [Bryan, 2000]. It is a concept used to quantify the
ease at which soil is detached by water and can be combined
with measures of soil volume to determine sediment availability. Erodibility is determined by resistive forces in the soil
such as friction, cohesion, and adhesion, which vary in space
and time depending on the biological, physical, and geochemical factors that contribute to particle bonds, aggregation, and the formation of a structured matrix [Bryan, 2000;
Grabowski et al., 2011; Gyssels et al., 2005; Jenny, 1994;
Kemper et al., 1987; Tisdall and Oades, 1982]. Erodibility
is an empirical parameter derived from experiments. It is a
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feature of burned hillslopes, which contributes to the
increase in sediment ﬂuxes and debris ﬂow processes after
wildﬁre [Cannon et al., 2001; Cerda and Lasanta, 2005;
Gabet, 2003; Gabet and Bookter, 2011; Moody et al.,
2008; Nyman et al., 2011; Smith et al., 2011; Wells,
1987]. The production and depletion of this noncohesive
layer as a result of wildﬁre is poorly understood, and the
effect on sediment availability has not been represented
explicitly in erosion models.
[4] Impacts of a wildﬁre on soil properties are usually restricted to near-surface soils. Heat transfer during wildﬁres
rarely extends more than 0.05 m into the soil proﬁle, and
charring is usually conﬁned to the top 0.02 m of the soil
[DeBano et al., 2005; Hungerford et al., 1991; Parsons
et al., 2010]. This means that erosion properties can exhibit
strong variations with depth below the soil surface [e.g.,
Cerdà and Doerr, 2008; DeBano et al., 2005; Wells, 1987].
Variations in soil erosion properties with depth are problematic when measuring erodibility in ﬁeld experiments because
sediment availability is changing while the soil is eroding
[Al-Hamdan et al., 2012; Moffet et al., 2007; Robichaud
et al., 2010; Sheridan et al., 2007]. This issue of changing
sediment availability while the soil is eroding has been
observed on road surfaces and soils subject to other types
of disturbance [Foltz et al., 2008; Megahan, 1974; Ziegler
et al., 2000].
[5] A temporally-averaged erodibility constant calculated from overland ﬂow experiments fails to capture the
time varying properties of erodibility. This is especially
true during the initial ﬂux of noncohesive sediment
[Wagenbrenner et al., 2010; Ziegler et al., 2000], which
can account for a large proportion of the sediment that is
generated from burned hillslopes [Cannon et al., 2001;
Cerda and Lasanta, 2005; Lane et al., 2011; Nyman
et al., 2011; Sheridan et al., 2011; Smith et al., 2012].
Ignoring the initial ﬂux may produce a measure of erodibility which is insensitive to the effect of varying levels
of disturbance. High-severity wildﬁres, for instance, can
produce a heat pulse that penetrates deeper into the soil
than low-severity wildﬁres [Doerr et al., 2006; Neary
et al., 1999]. Hence, increased burn severity may increase the depth of charring (temperature >350°C)
[Hungerford et al., 1991] and increase the corresponding
depth of the noncohesive layer. Millimeter-scale variation in the depth of the noncohesive layer can (depending
on bulk density) translate to large differences in the initial
mass of available material.
[6] The aim of the studies described in this paper was to
develop a new framework for explicitly representing spatial
and temporal changes in sediment availability as a result of
wildﬁre. Three hypotheses were the following:
[7] 1. erodibility of ﬁre-affected soils varies with root
density and the depth below the soil surface;
[8] 2. sediment availability is transient (i.e. nonsteady)
such that the sediment ﬂux is initially high and decreases
with time to a steady state; and
[9] 3. variation in the depth of noncohesive material is a
measure of change in sediment availability.
[10] These hypotheses were formulated to help develop
a stronger link between sediment availability on hillslopes
and measures of ﬁre severity, soil heating, and sediment depletion.

2.

Methods

2.1. Overview
[11] The hypotheses were tested with data from three
experiments. The speciﬁc objectives of these experiments
were (1) to measure detachment rates as a function of depth
in controlled laboratory conditions and to evaluate the effect
of roots and soil physical properties, (2) to evaluate the temporal changes in sediment availability in the ﬁeld by simulating overland ﬂow in bounded erosion plots, and (3) to link
spatial and temporal variations in soil shear strength to the
depth of noncohesive layer on hillslopes that were recovering
from wildﬁre.
[12] The ﬁrst experiment was carried out on soil cores
collected in coniferous forests (Colorado) and chaparral shrub
(California) in western United States. The two other experiments were carried out in dry eucalypt forests (southeast
Australia). Sites in western United States and southeast
Australia were all burned by wildﬁre but represent contrasting
vegetation communities and climatic settings. Experiments in
the two regions had different speciﬁc objectives, but the outcomes are linked in terms of the conceptual representation of
postwildﬁre erosion on hillslopes. The paper sets out to test
hypotheses regarding erosion properties of burned soils in general, and including sites from different ﬁre-prone regions provide greater scope for generalizing the patterns that emerge
from the data.
2.2. Effects of Roots and Soil Properties on Variations
in Erodibility With Depth
[13] Erodibility as a function of depth in ﬁre-affected soil
cores was quantiﬁed in a tilting ﬂume. The data were
analyzed with respect to soil properties such as root density
and clay content, which have been shown to promote
cohesiveness and resistance to erosion by overland ﬂow
[Gyssels et al., 2005; Knapen et al., 2007; Waldron and
Dakessian, 1981]. The tilting ﬂume experiments are described in detail by Moody and Nyman [2013] in a report
containing raw data on the intrinsic root and soil properties,
and on detachment rates at different depths. In the present
paper, data from this report are used to calculate erodibility
parameters and to determine the effects of intrinsic soil and
root properties on erodibility. Density of roots near the soil
surface was of particular interest because this property is
sensitive to the effects of wildﬁre [Parsons et al., 2010] and
may play an important role in controlling sediment availability [Gould, 1998].
[14] Intact soil cores were collected from areas that had been
recently burned and which had different geology, soil, and
vegetation. One area was burned by the 2010 Fourmile
Canyon ﬁre in the Front Range of the Rocky Mountains near
Boulder, Colorado [Ebel et al. 2012], and the other area was
burned by the 2010 Pozo ﬁre in the La Panza Mountains,
which are part of the central California Coastal Mountains near
San Luis Obispo, California [Moody and Nyman, 2013].
The 2010 Fourmile Canyon ﬁre (~2500 ha; Figure 1a,
Table 1) burned through primarily ponderosa pine (Pinus
pondersosa) and Rocky Mountain juniper (Juniperus
scopulorum) on south-facing (xeric) slopes and primarily
Douglas ﬁr (Pseudotsuga menziesii subspecies glauca)
and limber pine (Pinus ﬂexilis) on north-facing (mesic)
slopes. Soils on the south-facing site are stony and gravelly
2
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Figure 1. Map showing the location of research sites in (a) western United States (Fourmile Canyon in Colorado and Pozo
in California) and (b) southeast Australia (Sunday Creek, Stony Creek, and Ella Creek in Victoria).

these were collected at three locations at elevations between
2350 and 2450 m on a north- and on a south-facing site
with hillslope lengths on the order of 200–400 m and slopes
of 20–30°. At Pozo, they were collected at three locations
at elevations between 500 and 580 m on short (50–100 m),
steep (20–40°) south-facing hillslopes. An unburned location
was sampled at sites in comparable catchments. Five intact
soil cores (7.5 cm long, 4.7 cm diameter) were collected at
each of the three locations and used in the ﬂume experiments
to measure detachment rates as a function of depth. Six soil
cores (10 cm long, 4.7 cm diameter core) were collected at
each location and subsampled at ﬁve depth intervals (0–0.01,

sandy loams, while soils on the north-facing site are primarily coarse to ﬁne gravelly sandy loams. The 2010
Pozo ﬁre (~500 ha; Figure 1a, Table 1) burned through
chaparral vegetation consisting of scattered blue oak
(Quercus douglasii), manzanita (Arctostaphylos sp.), chamise (Adenostoma sp.), and white sage (Salvia apiana).
Soils are ﬁne clay loams derived from bedrock consisting
of marine sedimentary rocks.
2.2.1. Soil Samples
[15] Replicate intact soil cores for measurements of erodibility and soil samples for measurement of soil properties
were collected at each site. Within the Fourmile Canyon ﬁre,

Table 1. List of Research Sites Used in Different Components of the Study

Soil Burn
Severitya

Site

Aspect

Fourmile Canyon
40°02′4″N
120°24.4″N

South
(xeric)

Fourmile Canyon
40°02′5″N
105°24′1″W
Pozo
35°19′4″N
120°19′3″W

North Moderate to high
(mesic)
severity
Sep 2010
South Moderate to high
(xeric)
severity
Aug. 2010

Ella Creek,
36°47′1″S
146°34′5″E
Sunday Creek
37°21′3″S
145°07′4″E

North
(xeric)

Stony Creek
36°30′2″S
146°48′2″E
a

North
(xeric)

Moderate
severity
Sep 2010

Moderate to high
severity
Dec 2006
High severity
Feb 2009

North-west High severity
(xeric)
Feb 2009

Annual
Rainfall
(mm)

Forest Type and Dominant
Vegetation

Laboratory Study: Western United States
500–600
Coniferous,
Ponderosa Pine
(Pinus pondersosa)

Soil Texture/Bulk
Density, (0–5 cm)
3

3

Geology

(kg m ) × 10

Granite

Stony and gravelly
sandy loams
BD = 1.34

Coarse to ﬁne gravelly
sandy loams
BD = 1.21
500–600
Chaparal, Manzanita (Arctostaphylos sp.), Marine sedimentary
Fine clay loam
Chamise (Adenostoma sp.),
BD = 1.27
Field Study: Southeast Australia
1200–1400
Dry eucalypt, Broad-leaved peppermint
Shale, Marine Stony and gravelly clay
(Eucalyptus radiata)
Sedimentary
loam
BD = 0.94
Narrow-leaved peppermint (Eucalyptus dives)
1000–1200
Dry eucalypt, Broad-leaved peppermint
Siltstone, Marine Stony and gravelly clay
(Eucalyptus radiata)
Sedimentary
loam
BD = 1.22
500–600

Coniferous, Douglas Fir (Pseudotsuga
menziesii subspecies glauca)

Granodiorite

1000–1100

Dry eucalypt, Broad-leaved peppermint
(Eucaluptus radiata)

Phyllite and Gneiss

Gravelly clay loam

Metamorphic

BD = 1.27

The soil burned severity assessed visually at each site based on the ﬁeld guide for mapping soil burn severity [Parsons et al., 2010].
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Figure 2. The components of the (a) tilting ﬂume, (b) core attachment and extruding device, and the (c)
water supply system. Figure modiﬁed from Moody and Nyman 2013.
the depth measurements to 0.05 cm. During calibration, the
depth measurements at a second point gauge 7.5 cm downstream from the center of the core indicated that ﬂow was accelerating. Two terms were therefore added to equation (1) to
represent the shear stress caused by change in mean velocity
and change in pressure between two points [Julien, 1998]. If
hw1 (m), hw2 (m), u1 (m s1), and u2 (m s1) are the water
depths and mean cross-sectional velocities at point gauge 1
and 2 separated by a distance, d (m), then the nonuniform
shear stress, τ fn (Pa), is given by

0.01–0.03, 0.03–0.05, 0.05–0.075, 0.075–0.10 m). Three of
these subsampled cores were used to measure loss on ignition, LOI, (%), bulk density, BD, (kg m3), and particle-size
distribution; and three were used to measure root density, RD,
(kg m3), and root-length density, RLD, (m m3). These data
on soil and root properties at different depths are given by
Moody and Nyman [2013].
2.2.2. Detachment Rates
[16] Detachment rates were measured in shallow water, adjustable tilting ﬂume [Moody and Nyman, 2013]. The ﬂume
(10 cm wide, 50 cm long, and maximum depth of 2.5 cm;
Figure 2a) had a 5.1 cm diameter hole in the ﬂume bed where
the intact soil core was mounted underneath, together with a
piston for extruding the sediment core (Figure 2b). Clear water was pumped from the supply tank through the head box of
the ﬂume, and the discharge, Q (0.2–12.0 × 104 m3 s1),
was manually controlled by an inline butterﬂy valve
(Figure 2c). Water left the head box through a diffuser,
ﬂowed down the ﬂume, across the soil core, and fell off the
ﬂume bed into a 115 L sump tank.
[17] The shear stress, τ f (Pa), for uniform ﬂow is a function
of slope, S, and water depth, hw (m)
τ f ¼ ρghw S

τ fn ¼ ρhw ½gS þ ððu1 þ u2 Þ=2Þðu1  u2 Þ=d
þððhw1 þ hw2 Þ=2Þðhw1  hw2 Þ=d

(2)

[18] Estimates of the four nonuniform shear stresses, τ fn
(2.2, 6.3, 14.4, and 42.1 Pa), used in the experiments were determined from measurements of depth and discharge using a
smooth plug in place of the soil core (to eliminate the effects
of soil roughness).
[19] Each individual core provided ﬁve measurements of
the detachment rate, E (kg m2 s1), for each value of τ fn at
ﬁve different soil depths, ds (m). Each measurement was
obtained from a unique depth in the soil core, which fell
within a small depth interval around the target depth.
Target soil depths, ds (m), were 0.001 (surface), 0.005,
0.02, 0.04, and 0.06 m. For the ﬁrst core, a value of τ fn was
selected and measurements were made at all values of ds
keeping τ fn constant. A second core was then used for measurements for a different value of τ fn at all values of ds.

(1)

where ρ is density of water (1000 kg m3), and g is acceleration of gravity (9.8 m s2). Water depth was measured using
a point gage mounted 7.5 cm upstream from the center of the
core. Accuracy of the point gauge was 0.005 cm, but the ﬂuctuating water surface over the cores reduced the precision of
4
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Thus, soil detachment was measured at all four values of τ fn
by using four of the ﬁve intact cores from one location
(the ﬁfth core was archived). Each burned site had three locations, which provided three replicate measurements of E for
each value of τ fn. The reader is referred to the report
published by Moody and Nyman [2013] for details of the
experiment procedure.
[20] A linear function was used to describe a general relation between detachment rate E and nonuniform shear
stress (τ fn) (E = 0.0019 τ fn 1.00, R2 = 0.23) [Moody and
Nyman, 2013]. The proportionality constant in this relation
is deﬁned as the erodibility, kd (s m1), of the soil [e.g.,
Foster, 1995; Wagenbrenner et al., 2010]. Critical shear stress
for initiating erosion was assumed to be negligible in these experiments because the critical shear stress for typical particles
(0.063–1.0 mm) is 0.2–0.8 Pa [Moody et al., 2005; Wiberg
and Smith, 1987], which is smaller than the shear stress used
in the experiments (2.2–42.1 Pa). Erodibility at each depth
was then calculated as
kd ¼

E
τ fn

[Tennant, 1975]. All intersections between roots and grid
lines were counted for each individual sample from photographs. The line intersect method was validated for a subset
of samples by estimating root length using manual length
measurements, direct intersect counts, and counts from
photographs [Moody and Nyman, 2013].
2.3. Temporal Changes in Sediment Availability
[24] Data on temporal changes in sediment availability
were obtained from erosion plot experiments. These experiments simulated overland ﬂow inside bounded plots to capture changes in the sediment ﬂux with time, starting with
the initial ﬂux of easily eroded sediment and ending with
the depletion of sediment on the plots. Experiments were
performed on a hillslope in dry eucalypt forest in southeast
Australia that was burned during the catastrophic Black
Saturday wildﬁres in 2009 (Figure 1b, Table 1). Wildﬁres
burned over 450,000 ha, mostly in a short period of time
(~12 h) under exceedingly dry fuels and extreme ﬁre weather
[Cruz et al., 2012]. The site was located near Sunday Creek
Reservoir (~50 km north of Melbourne) in a catchment dominated by broad-leaved peppermint (Eucaplytus radiata) and
consisting of stony and gravelly clay loam derived from marine sedimentary rocks. Three ﬁeld plots (4 m long by 0.15 m
wide) were installed on a planar, north-facing (xeric) slope
close to a ridge top in an area where the burned soil was intact
and appeared unaffected by overland ﬂow. A discrete ash
layer was not apparent, presumably because of compaction,
mixing, wind, and interrill erosion prior to the experiments.
Steel edging (1 m long segments) was carefully driven into
the soil and stabilized using steel pegs inserted along the
outer edge. Slope gradient, S, was determined for each plot
as the average change in height across 1 m horizontal segments at the top, mid, and bottom section of the test area.
Average slope gradient for the three plots were 0.36, 0.39,
and 0.40.
[25] Erosion plot experiments were run as a sequence of
successively increasing values of discharge. Water was
pumped from a supply tank (2000 L) and delivered to a small
reservoir at the top the plot where the discharge, Q (2, 5, 10,
and 15 × 104 m3 s1), was controlled manually by a ball
valve and measured with a ﬂow meter. At the bottom of the
plot, water and sediment were diverted through a 100 cm
long by 15 cm diameter pipe to a collection point where they
were sampled in 0.5 L containers at six time intervals during
each 60 s sampling period for each discharge. Sediment
concentration samples for calculating the sediment ﬂux, qs
(kg m1 s1), were collected when the initial surge of water
and sediment reached the collection point (t = 0 s), and then
every 10–15 s afterward by sweeping the 0.5 L container
through the ﬂow three times. Sediment that was not diverted
was continuously collected in a 20 L overﬂow bucket at the
collection point. After 60 s, the samples contained very little
sediment (relative to what was collected during the initial
erosion), and the sediment ﬂux was assumed to be at a steady
state. Data from similar experiments in these type of systems
indicate that after 60 s the sediment ﬂux approaches a steady
state with a relatively small decrease in erodibility from
2.2 × 104 to 1.8 × 104 s m1 by adding 30 s to the measurement period [Sheridan et al., 2007]. Sediment ﬂux
may have decreased a little more if the experiment was run
for a longer period of time, but this decrease would be small

(3)

[21] All kd values within each sampling location were
ranked by the measurement depth, ds, and averaged in groups
of four. This produced a single erodibility value at each location corresponding to an average of four target depths.
2.2.3. Soil and Root Analyses
[22] Subsampled soil cores were used to determine soil and
root properties as a function of depth. There were nine cores
per site for soil analysis, nine cores for root analysis, and each
core was subsampled at ﬁve depth intervals. Samples for soil
analyses were dried at 105°C for 24 h, weighed to determine
the total mass, and split into two parts: one part was used for
particle-size analysis and one part was used for soil organic
content analysis measured as the loss on ignition (LOI) at
500°C for 2 h [Heiri et al., 2001]. Particle-size distribution
was determined by using standard sieve methods [Guy,
1977]. Bulk density, BD, was computed from the total oven
dry mass, the thickness (depth interval) of the sub-sample,
and the diameter of the core.
[23] Samples for root analyses (root density (RD) and rootlength density (RLD)) were ﬁrst air dried, then weighed and
poured gently onto a 2 mm sieve. Roots which were easily
detected were collected before sieving in order to avoid unnecessary fragmentation. Sieved soil and roots were washed
into a white enamel tray with a gridded base (5 cm grid
squares) ﬁlled with water to an approximate depth of 1 cm,
then systematically collected with tweezers at each grid under a 10× magniﬁcation [De Baets et al., 2006]. In cases
where roots were highly abundant and where there was little
other ﬂoating material, the roots could be extracted using a
suction pipette. This method was more time efﬁcient, but
was not suitable for samples with abundant organic material,
which would contaminate the root sample and lead to bias in
the root-mass measurements. Root mass was measured to
nearest 0.001 g, after drying at 65°C for 48 h. Live and dead
roots could not be distinguished. However, charred roots disintegrate when disturbed leaving behind a sooty residue.
These could be distinguished and were not extracted. All
other roots (length >1 mm, diameter <2 mm) were extracted.
Root length was measured using the line intersect method
5
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the contribution of the mineral soil. Density of soil and
ash particles can be similar [Cerdà and Doerr, 2008;
Kinner and Moody, 2008; Gabet and Bookter, 2011;
Moody and Ebel, 2012], and the ash component often includes a mineral component that is incorporated by wind
and water [e.g., Whicker et al., 2006; Onda et al., 2008;
Moody and Ebel, 2013]. In the context of sediment transport during the erosion plot experiments, it is therefore reasonable to consider ash and the soil as part of a combined
pool of available sediment. Distinguishing between soil
and the vegetative ash would require analysis into the relative solubility of ash and soil as well as the chemical composition of the source material, something which was
outside the scope of this paper.
2.3.1. Linking Sediment Availability
to Soil Shear Strength
[30] Sediment ﬂux in the erosion plot experiments was
linked to measurements of soil shear strength. Soil shear
strength, τ v (kPa), was measured by using a shear vane
(HM-504A Pocket Shear Vane Set; total range = 0–250 kPa;
vane diameter = 5.1 cm) at 10 points along a transect on a
noneroded section of soil adjacent to each of the three ﬁeld
erosion plots at Sunday Creek. The noncohesive surface
material along the transect was intact and had not been
affected by surface runoff. The shear vane measures the
maximum internal resistance of a soil to a rotational movement of its particles and can be used to quantify soil erodibility [Léonard and Richard, 2004; Rauws and Covers,
1988]. Measurements were repeated at ﬁve depths (0,
0.01, 0.03, 0.06, and 0.09 m) at each sampling point by
carefully excavating a small trench using the end of a metal
ruler to expose an area for each new depth measurement.
Vane blades were 0.005 m high, so the measurement was
the average of a small 0.005 m depth interval and was
plotted using the midpoint of the depth interval. Depth
proﬁles of τ v were used to obtain a τ v threshold which
corresponded with the transition from noncohesive to cohesive material. The distinction between noncohesive and cohesive material was made based on the depth at which sediment
ﬂux (from the adjacent erosion plots) transitioned from
nonsteady to steady state.

compared to the magnitude of change during the initial
erosion and would have little impact on the overall mass
of sediment produced from the plot. This study was primarily
concerned with the material that eroded during the initial ﬂux,
so the 60 s was a reasonable trade-off between the logistical
constraints of water availability in the supply tank and the
data requirements.
[26] Flow depth, hw, for each level of Q was measured to
the nearest millimeter using a metal ruler at eight points along
ﬂow paths within the plot and used to calculate the shear
stress, τ f. Flow velocity, udye (m s1), was measured three
times for each discharge using a dye tracer that was injected
at the top of the test area and timed until the dye front had
reached the collection point at 4 m.
[27] Sediment ﬂux per unit width, qs (kg m1 s1), was
calculated from the mass of sediment (collected in the 0.5 L
containers) after drying in laboratory at 105°C. At the top
of the plot, the width of the ﬂow was equal the width of the
plot. Within the plot, however, the width of the ﬂow was
spatially variable and changed depending on the discharge.
Nonuniform ﬂow within the plot was a result of ﬂow paths
which formed within the noncohesive material that mantled
the underlying cohesive substrate. Sediment ﬂuxes, qs, and
unit discharges, qw (m2 s1), were calculated based on the
entire width of the plot (i.e., the entire surface available for
erosion) rather than the actual width of the ﬂow within the
plot. Hence, the changes in qs with time (t) and with increasing
unit discharge, qw, were interpreted as changes in sediment
availability relative to the total mass of noncohesive material
stored on the surface.
[28] A detachment rate, E (kg m2 s1), was calculated
from qs once the ﬂux approached steady state (45 < t < 60 s)
and is given for the erosion plots by equation (4)
E¼

qs
w

(4)

where w ¼ Q=hw u is the ﬂow width and u (ms1) is the average ﬂow velocity measured as u ¼ αudye . The coefﬁcient, α,
(a function of the surface velocity proﬁle) was obtained at the
highest discharge (Q = 15 × 104 m3 s1), when the ﬂow was
uniform across the plot (w = 0.15 m). Total sediment yield
(in kg m2) from the plot was estimated from the sum of
sediment in 0.5 L containers and the 20 L overﬂow bucket.
Sharpened erosion pins (15 cm long by 0.4 cm diameter)
were inserted prior to the experiments in a line going downslope at eight points spaced at regular intervals inside the
plot. The height of a reference point on each pin was measured before and after each experiment and used to calculate
the average depth of erosion after the highest discharge had
been applied.
[29] Particle-size distribution of eroded material was
determined for individual 0.5 L containers collected
from the ﬂume. Each oven dried sample was gently
disaggregated and placed in a nest of sieves to separate
gravel (2 < D ≤ 16 mm), coarse sand (0.6 < D ≤ 2 mm), ﬁne
and medium sand (0.063 < D ≤ 0.6 mm), and silt and clay
(D < 0.063 mm). Measurements were then combined
across each of the three replicate experiments based on
the time intervals 0–1, 1–15, 16–35, and 36–55 s to produce
an average particle-size distribution as a function of time.
There was no discrete ash layer at Sunday Creek, and the
contribution of ash to erosion was not distinguished from

2.4. Availability of Noncohesive Soils
in Burned Headwaters
[31] An extensive survey of soil shear strength was carried
out in order to capture the temporal changes in erosion
properties of the soil during a 0–3 year postwildﬁre period.
Surveys were carried out in headwater (zero order) catchments of Ella Creek, Sunday Creek, and Stony Creek in
the eastern uplands of Victoria, southeast Australia (see
Figure 1b and Table 1). Stony Creek and Sunday Creek were
burned in February 2009, and measurements were made in
September 2009 and March 2010, 0.5 and 1 year after the
wildﬁre, respectively. Ella Creek was burned in January
2007, and measurements in September 2009 and March
2010 represent conditions 2.5 and 3 years after the wildﬁre.
Inclusion of Ella Creek means that the measurements
spanned a longer recovery window. Substituting space for
time assumes that spatial and temporal variations are equivalent. Ella Creek was considered to be suitable in this respect
given its similarities to Stony Creek and Sunday Creek in
terms of soil, vegetation, and ﬁre impact (Table 1).
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Table 2. Correlations Between Soil Properties and Erodibility, kd, at Different Depthsa
Depth
Interval
(m)
0–0.01
0.01–0.03
0.03–0.05
a

Statistics

Bulk Density
BD
3
(kg m )

Loss on Ignition
LOI
(%)

Root Density
RD
3
(kg m )

Root-Length Density
RLD
3
(m m )

Silt and Clay
Content
(%)

Pearson’s r
p value
Pearson’s r
p value
Pearson’s r
p value

0.25
0.167
0.29
0.37
0.54
0.07

0.37
0.84
0.5
0.87
0.46
0.13

0.58
0.001
0.26
0.42
0.127
0.97

0.37
0.04
0.03
0.93
0.07
0.82

0.12
0.52
0.42
0.17
0.53
0.07

Signiﬁcant correlations (p < 0.1) are in bold font.

interpreted independently from effects of subsurface moisture
ﬂuctuations. The moisture ﬂuctuations in subsurface soils and
their effects on shear strength are noteworthy, however,
because they may be important when modeling initiation
of channels and subsequent entrainment processes [e.g.,
McCoy et al., 2012].

[32] Each headwater catchment was sampled at three distances from the ridge top along three evenly spaced transects
running perpendicular to the contours. Three replicate measurements were conducted at random points in a 2 m2 quadrat
at each sampling location (0, 40, and 80 m from the ridge
top). At each point, the soil shear strength was measured at
ﬁve depths using the same protocol as the measurements
taken as part of the erosion plot experiments (see section
2.3.1). One headwater (three transects) was sampled at Ella
Creek and Stony Creek, and two replicate headwaters
(six transects) were measured at Sunday Creek. The aim of
the ﬁrst sampling campaign (September 2009) at Sunday
Creek and Stony Creek was to characterize the properties of
ﬁre-affected material, which covered the soil immediately
following the wildﬁre. Lower sections of the hillslopes at
these sites had been affected by surface runoff in 6 months
prior to when the measurements were obtained. The 2 m2
quadrat was therefore positioned outside of the areas where
surface runoff paths had obviously eroded the surface soil.
Repeat measurements in March 2010 were made in quadrats
placed on the opposite side of the sampling transect in
order to avoid disturbance effects from the ﬁrst sampling.
Measurements within quadrats were sampled randomly
from eroded and noneroded surfaces. Soil moisture was
measured gravimetrically on soil samples collected at each
sampling quadrat (composited by hillslope position) and at
depth intervals that corresponded with the depth of shear
vane measurements. Material collected from the two upper
sampling depths (0–0.01 m) was analyzed for particle-size
distribution, loss on ignition (LOI), and solubility.
[33] Soil shear strength declines with increasing soil moisture content, particularly when gravimetric moisture contents
is less than 20% [Chorley, 1959; Zimbone et al., 1996]. The
temporal variability in shear strength due to recovery could
therefore only be analyzed once measurements were adjusted
for the temporal variation caused by soil moisture. Relative
moisture content (volumetric water content relative to porosity) in September 2009 and March 2010 in the two upper soil
depths (0 and 0.01 m) was relatively low (33–29%) and did
not differ between the two campaigns at any of the sites.
For measurements at greater depths (ds ≥ 0.03 m), however,
the relative moisture content in September 2009 (40–44%)
was signiﬁcantly higher (p < 0.01) than in March 2010
(30–36%) at all sites (t value = 16.8; d.f. = 52). A linear adjustment function (τ v March = 0.9τ v Sept + 0.15; n = 9;
R2 = 0.97) was obtained at all three sites for the measurements where ds ≥ 0.03 m. This adjustment function ensured
that temporal trends in τ v(ds) for ds < 0.03 m could be

3.

Results

3.1. Effects of Roots and Soil Properties on Variations
in Erodibility With Depth
[34] The inﬂuence of soil properties, root density (RD),
and root-length density (RLD) on erodibility was initially explored by simple correlations for each soil depth (Table 2).
Root properties were found to be the most inﬂuential variable
at the soil surface (0–0.01 m), whereas percent of silt and clay
and the bulk density were the most inﬂuential at lower depths
(0.03–0.05 m). Percent of silt and clay are also the soil variable which displayed the largest differences between sites
at the lower depths [Moody and Nyman, 2013]. In the depth
interval from 0.01 to 0.03 m, none of the variables were signiﬁcantly correlated with erodibility, indicating that this is a
transitional zone where no single variable emerged as the
dominant predictor.
[35] This paper is concerned with the erodibility of soils
that have been impacted by the wildﬁre, and therefore
the remaining analysis is constrained to depths <0.02 m
for three reasons. First, the erodibility within this zone deviated strongly from the relatively resistant subsurface soil
(Figure 3); second, this is the depth range where heat impacts
are most likely; and third, below this depth range, there is a
shift in the inﬂuence of roots (see Table 2). Erodibility
decreased exponentially with ds between the soil surface
and ds = 0.02 m (Figure 3), and the relatively low value of
kd at 0.02 m was assumed to represent a constant erodibility
below the noncohesive layer (i.e., ds > 0.02 m). These constant erodibility values (at ~0.02 m depth) for Fourmile
Canyon (FMC) North, FMC South, and Pozo, respectively,
were 1.48, 2.03, and 1.72 × 104 s m1, with similar levels
of variability for all sites (coefﬁcient of variation,
CV = 0.95–1.00). The average surface erodibility of four
burned soil cores at FMC North ranged from 8.37 to
38.8 × 104 s m1. At FMC South, the corresponding values
were 19.4–122 × 104 s m1, and at Pozo, they ranged from
15.3 to 61.6 × 104 s m1. Unburned cores consistently
displayed the lowest erodibility (0.7–13.2 × 104 s m1)
on the soil surface, although at Pozo the unburned surface
erodibility was high (13.2 × 104 s m1) (Figure 3c).
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Figure 3. Changes in depth average erodibility, kd (s m1), of near-surface soil at (a) Fourmile Canyon
North, (b) Fourmile Canyon South, and (c) Pozo South. Three burned samples and one unburned sample
are plotted for each site. Each point is the average erodibility obtained from four erosion experiments on
four different cores.
[36] Variability in erodibility was analyzed using a general
linear model with soil and root variables as predictors. Linear
interpolation was used to determine soil and root properties
for the exact depth at which erodibility was measured. Soil
and root properties at the soil surface were estimated by
extrapolating the values measured at 0.01 and 0.02 m. If the
extrapolated value was negative, it was given the value of
zero. Initially, the linear model included all the measured soil
properties (LOI, BD, % silt and clay, RD, and RLD) as part
of the analysis. However, the root properties, RD and RLD,
were the only variables that emerged as signiﬁcant predictors. For ds < 0.02 m, the best ﬁt was obtained using RD
and ds as predictors of the log transformed erodibility:
lnðk d Þ ¼ β1 þ β2 d s þ β3 RD þ β4 d s RD þ ε;

3.2. Temporal Changes in Sediment Availability
[37] Sediment ﬂux measured in the erosion plot experiments at Sunday Creek decreased rapidly with time. For all
discharges, the sediment ﬂux per unit width, qs (kg m1 s1),
decreased by up to two orders of magnitude during the
ﬁrst 20–30 s of erosion (Figure 5). At low unit discharge
(qw = 1.33 and 3.33 × 103 m2 s1), some parts of the surface
did not erode during the initial surge of sediment and water,
thus creating elevated sections of intact surface material between ﬂow paths. Once established, the ﬂow paths were relatively stable, there was no lateral spread, and qs appeared to
be limited by the detachment rate at the bed of the plot. New
material was eroded and ﬂow paths widened once the discharge was increased. This resulted in a return to high qs,
followed by rapid decrease toward a new steady state.
Nonsteady ﬂow conditions in the initial stages of erosion
for each discharge meant that the ﬂow depth and consequently the total shear stress were changing while the plot
was eroding. The calculated shear stress in Table 3 reﬂects
the ﬂow conditions at steady state.
[38] A steady state erodibility value, kd, of the soil matrix
(when t > 45 s) was calculated from E to be 1.66 ± 0.67 ×
104 s m1(using equation (3) and τ f instead of τ fn). This value
was based on the assumptions that (i) the soil was detachmentlimited, and (ii) that deposition was negligible, which were
justiﬁed because (i) when t > 45, the soil was clearly detachment-limited given that sediment ﬂux was low (<0.025 kg
m1 s1) despite the shear stress of the ﬂow (20–50 Pa)
being substantially higher than the critical shear stress
(~0.5 Pa) for initiation of motion of the majority of particles
(D50 = 0.56 mm), and (ii) the Rouse number ranged from 0.8
to 1.3, so deposition on the plot was likely to be negligible.
[39] During the initial stage of erosion, qs(t) was found to
ﬁt the following exponentially decreasing form (Table 3):

(5)

with β1 = 5.26, β2 = 181, β3 = 0.26, and β4 = 11.6. All coefﬁcients were signiﬁcant (p < 0.01) and the overall model
explained 62% of the variability in the log transformed kd
(R2 = 0.62, F3, 32 = 16.7, Mean Square Error = 1.89, p < 0.001)
(Figure 4). A similar but slightly weaker (R2 = 0.55) relation
was obtained when RLD was used as predictor instead of RD.
In either case, the important result is that the inﬂuence of roots
on erodibility diminishes with soil depth. For ds > 0.02 m, the
best predictor was a constant value of kd, and the value given
by equation (5) for the average value of RD at this depth
(6.34 kg m3) was 1.28 × 104 s m1.

qs ðt Þ ¼ qsmin 1 þ aebt



(6a)

where a and b are ﬁtted parameters. The asymptote, qsmin , is
the steady state sediment ﬂux per unit width and is given by
qsmin ¼ k d τ f βl

(6b)

where l is the length of the plot and β is the proportion of actively eroding areas which was estimated from the ﬂow
width, w, to be 56, 68, and 89% when Q was 2, 5, and
10 × 104 m3 s1. When Q = 15 × 104 m3 s1, the full width

Figure 4. Observed and predicted erodibility, kd (s m1),
from a general linear model (equation (5)) with depth, ds
(m), and root density, RD (kg m3), as predictors.
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10.0 × 103 m2 s1 (Figure 6b). The relatively small shift in
particle-size distribution with increasing unit discharge
(Figure 6b) probably reﬂects preferential depletion of ﬁne material at low discharge rather than increased capacity of the
ﬂow to transport the larger particles. This was expected given
that the critical shear stress for initiation of motion of the largest particles (D = 15 mm, ~11 Pa) is less than 20 Pa which is the
minimum steady state τ f applied in plot experiments [Wiberg
and Smith, 1987].
[42] The depletion effect on the erosion plots was quantiﬁed
for each unit discharge by calculating transient yield. The transient yield, Yt (kg m2) for each Q was obtained by subtracting
qsmin from qs(t) (using equation (6a)), dividing by the length of
the plot, l, and then integrating between 0 and 60 s:

Figure 5. The mean change in sediment ﬂux (qs) with time
(t) with sequentially increasing unit discharge (qw) in ﬁeld
plots (4 m long and 0.15 m wide) on a burned hillslope at
Sunday Creek (southeast Australia). The lines are equation
(6a), ﬁt using parameters listed in Table 3.


60
∫0 qs ðtÞ  qsmin dt
60
Yt ¼
¼ k d τ f β∫0 aebt dt
l

(7)

[43] The sum of transient yield, ∑ Yt, for all four levels of Q
was 10.8 kg m2; and the corresponding sum of the steady
state yield, ∑ Yss, (with constant erodibility kd = 1.66 × 104 s
m1), was 1.0 kg m2, approximately 10 times less than ∑ Yt.
Total yield (∑Yt + ∑ Yss) from the erosion plot (11.8 kg m2)
based on equation (7) corresponds well with the measured total mass of sediment (11.2 kg m2 ± 3.0 SD) measured in 20
L overﬂow bucket and 0.5 L container bottles. Average depth
of erosion measured from erosion pins within the three plots
was 0.011 m ± 0.002 SD (n = 24). The analysis of sediment
yield above indicates that 92% of this material eroded when
qs >qsmin. The computed depth of soil contributing to the transient yield is therefore ~0.01 m (i.e., 0.92 × 0.011 m). This
depth is deﬁned as the depth of noncohesive soil, dnc (m).
3.2.1. Linking Sediment Availability to
Soil Shear Strength
[44] The depth of noncohesive soil (dnc) was correlated with
shear vane measurements in order to determine a shear strength
threshold above which the soil is easily eroded by overland
ﬂow. Mean values of soil shear strength, τ v, could be related
to the soil depth (Figure 7) by the sigmoid function:

of the plot was eroding (w = 0.15 m) and β = 1. The exponential term in equation (6a) captures the temporary effects of a
ﬁnite supply of noncohesive surface soil, which is detached
and transported more easily than soil in the underlying matrix
where qs approaches qsmin . When ﬁtted to data for each discharge, the function accounted for 63–79% of the variability
in qs for 0 < t < 60 s.
[40] Equation (6a) represents two stages of the erosion process. Initially, the change in ﬂux with time is proportional to

the excess ﬂux, δqδts ¼ b qs  qsmin , hence an exponential
dependence between qs and t. However, the available surface
s
material is limited and then exhausted so dq
dt → 0 and qs →
qsmin .The magnitude of qs at t = 0 determines the parameter
a ¼ qsmin  qs ðt ¼ 0Þ =qsmin and is an estimate of the transport capacity, Tc (kg m1 s1), which had values ranging
from 1.37 to 2.37 kg m1 s1 (Table 3).
[41] Particle-size distribution of eroded material was found
to be more dependent on time than on unit discharge. Initially,
at t = 0 s, the eroded soil contained a large proportion of gravelsized particles (9.6 ≤ D50 ≤ 12 mm) (Figure 6a). Decrease in
particle size with time was more gradual for the intermediate
values of qw than for the lowest and highest qw. Particle-size
distribution averaged for the full experimental period showed
an overall coarsening as qw increased from 1.33 to 6.67 × 103
m2 s1 and a slight ﬁning as qw increased from 6.67 to

τ v ðd s Þ ¼

τ vmax
1:0 þ f epds

(8)

[45] The parameter τ vmax (Pa) is the asymptotic value
which τ v approaches as the depth increases, f is

Table 3. Flow Properties Measured in the Field Plots and the Associated Estimates of Shear Stress and Sediment Flux Parameters
Unit
Discharge
qw

Discharge
Q
3 1

(m s
2
5
10
15

4

× 10 )

2 1

(m s

3

× 10 )

1.33
3.33
6.67
10.0

Stream
Powera
Ω
1

Flow
Depth
hw
2

Flow
Velocity
udye
1

Flow
Widthb
w
1

Shear
Stressc
τf

(Pa s )

(m × 10 )

(m s )

(m × 10 )

(Pa)

0.75
1.88
3.76
5.65

0.6
1.0
1.2
1.4

0.62
0.80
1.03
1.14

0.8
1.0
1.3
1.5

22
35
40
50

Steady
Flux
qsmin
(kg m

1 1

s )

0.010
0.015
0.017
0.022

Fitted
Parametersd
a
b

2

R

1

-

(s )

145
157
114
61.1

0.150
0.152
0.172
0.400

Transport
Capacity e
Tc
(kg m

0.78
0.61
0.70
0.67

1 1

s )

1.46
2.37
1.96
1.37

Stream power, Ω = ρgQS.
Mean ﬂow width w ¼ Q=ðhw uÞ, where u is the mean cross-sectional velocities of the ﬂow, u ¼ 0:63 udye .
Shear stress calculated based on the ﬂow conditions once qs had reached steady state.
d
Parameter values from equation (6a) and ﬁtted functions in Figure 5.
e
Transport capacity calculated using Tc = qsmin (1 + a) from equation (6a). Note that these values were obtained in a succession of increasing discharge, and
therefore incorporate the effects of depletion by the previous lower levels of discharge on the plot.
a

b
c
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agricultural soils (1 kPa) [Morgan et al., 1998; Rauws and
Covers, 1988] having ﬁne sediment (D50 = 0.25–0.60 mm)
and comparatively low slopes (0.035–0.16).
3.3. Availability of Noncohesive Soils in
Burned Headwaters
[47] The soil shear strength threshold for noncohesive soil
was used to quantify the depth of noncohesive soil in the
headwaters at Ella Creek, Sunday Creek, and Stony Creek
during recovery from wildﬁre. The dependence of the soil
shear strength on depth for different stages of recovery was
well represented by equation (8) (R2 = 0.94–0.99) (Figure 8
Table 4). Variability at each depth was often high as shown
by the large standard deviation (Figure 8). At the two most
recently burned sites (Sunday Creek and Stony Creek), the
soil shear strength at the soil surface (ds = 0) in September
(0.5 years after ﬁre) was low (τ v = 1.2–1.7 kPa, Table 4), homogenous (SD ranging from 0.8 to 0.9 kPa), and similar
(Figures 8a and 8b, Table 4). It increased to 3–4 kPa at ds =
0.01 m and became more variable (SD ranging from 2.9 to
3.2 kPa). Soil shear strength of surface soils increased markedly in the 0.5 year period between September 2009 and
March 2010. At Stony Creek in March 2010 (1 year after
the wildﬁre), there was no discrete surface layer of
noncohesive erodible soil, such that the shear strength on
the soil surface was higher (12.2 ± 5.6 kPa), and there was a
linear (as opposed to sigmoid) increase in τ v with ds between
the soil surface and ds = 0.03 m. Sunday Creek displayed a
more modest increase in surface τ v from September 2009
(τ v = 2.4 kPa) to March 2010 (τ v = 7.1 ± 6.5 kPa). At Ella
Creek (burned 2007), the soil remained more or less
unchanged between September 2009 (2.5 years since the
wildﬁre) and March 2010 (3 years since the wildﬁre) so
that a single function was used to represent both sets of
measurements (Figure 8c). Average τ v at the soil surface
for both measurement campaigns at Ella Creek was
11.4 ± 9.1 kPa, and there was a linear increase in τ v for
ds between 0 and 0.03 m.

Figure 6. (a) Median particle diameter (D50) of eroded
sediment for different levels of discharge applied sequentially to a conﬁned test area on steep slopes (36–38%)
burned at high severity. The particle-size distribution
was averaged in temporal bins corresponding to four time
intervals. (b) The particle-size distribution as a function of
sequentially increasing unit discharge (qw) shown using
the median (D50), upper (D75), and lower (D25) quartiles
of the distribution. The overall particle-size distribution
for all sediment produced during the 60 s experimental period is shown as solid lines.
essentially
the dimensionless ratio of τ vmax to τ v when ds =

0, 1 þ f ¼ τv ðτdvmax
and p (m1) determines the rate of
s¼0 ÞÞ;
change of τ v with change in ds. This function accounted for
99% of variability in mean value of τ v with ds ( τ vmax = 35.7
kPa, f = 21.6; p = 1.25 m1). The strong gradient in τ v between
ds equal to 0.01 and 0.03 m shows that surface and subsurface
soil display very different properties: an easily eroded and
noncohesive surface layer with low shear strength overlying
a resistant and cohesive subsurface layer.
[46] The threshold value of τ v at the transition from
noncohesive to cohesive soil was obtained by using equation
(8) to calculate τ v(ds) for ds = dnc = 0.01 m (i.e., the depth of
the noncohesive soil layer in the adjacent erosion plot). The
τ v threshold was 5 kPa (Figure 7). This soil shear strength
value corresponds to a critical ﬂow shear stress of ~1.3 Pa
[Léonard and Richard, 2004, equation (7)], which is in the
upper range of critical shear stress values reported for soils
that were affected by temperatures >250°C [Moody et al.,
2005], and it is higher than the noncohesive threshold for

Figure 7. Mean soil shear strength (τ v) and standard deviation (SD) as a function of soil depth (ds) for 15 sample points
along the outside edge of the erosion plots at Sunday Creek.
The depth of noncohesive soil, dnc, was used to deﬁne the point
(+) along the ﬁtted equation (8) where the soil shear strength
marks a transition from noncohesive to cohesive material.
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Figure 8. Changes in soil shear strength (τ v) with soil depth (ds) at different stages of recovery after
wildﬁre (September 2009 and March 2009) at (a) Sunday Creek (n = 50) (b) Stony Creek (n = 27), and
(c) Ella Creek (n = 27). The soil shear strength at 0.5 years since wildﬁre was measured on noneroded
sections of the hillslope and therefore represents the surface properties without depletion effects that may
have taken place between the initial wildﬁre impact and the sampling campaign (i.e., taken to represent
conditions immediately following the burn). At Sunday Creek and Stony Creek, the number of sampling
points was about 10% lower for ds at 6.5 and 10 cm, due to the rock and gravel encountered during
sampling. Bars represent one standard deviation.
and the rate of decline in availability (r = 1.59 y1).
The particle size, loss on ignition, and solubility of the
noncohesive material at Sunday Creek and Stony Creek
are given in Table 5.

[48] The depth of the noncohesive layer (dnc) in the sampled headwaters was obtained from the shear vane measurements by calculating the proportion of noncohesive soil as
a function of depth. Assuming a noncohesive threshold
of 5 kPa (see section 3.2), the proportion of noncohesive
soil (τ v < 5 kPa) was calculated at each sampling depth
(Figure 9a). At Sunday Creek and Stony Creek, all the sampled
points were noncohesive on noneroded surfaces 6 months after
the wildﬁre. One year after the wildﬁre, this had decreased to 54
and 17% for Sunday Creek and Stony Creek, respectively. Less
than 20% of surface soil was noncohesive at Ella, 2.5 to 3 years
after the wildﬁre. An exponential
cumulative distribution func
tion CDF ¼ 1  eλds was ﬁt to the cumulative proportion of
noncohesive soil with increasing ds (R2 = 0.84–0.98) and plotted as a probability density function (PDF) in Figure 9b. All soil
particles at ds = 0 were assumed to be noncohesive in the ﬁtting
procedure. The expected value of the PDF, E[ds] = 1/λ, is the
average depth of noncohesive soil (dnc), which can be
represented by a two-parameter exponential decay function
(R2 = 0.96) of time since ﬁre, tsf (years), (Figure 9c)
d nc ¼ d ncðt¼0Þ ertsf

4.

4.1. Effect of Roots on Erodibility
[50] Burn impacts on soil physical and hydraulic properties
have been linked to ﬁre severity [DeBano et al., 2005;
Hungerford et al., 1991; Parsons et al., 2010]. However,
no explicit link has been drawn between burn impacts and
the erodibility of the soil. This study showed that the average
surface erodibility of a noncohesive layer on burned
hillslopes ranged from 20.0 × 104 to 63.7 × 104 s m1 and
depended on the density of ﬁne roots (<2 mm diameter).
These values are high, and result in high detachment rates
that can provide material for the progressive bulking of
debris ﬂows [e.g., Cannon et al., 2001; Gabet and
Bookter, 2008; Nyman et al., 2011]. Below the highly erodible noncohesive layer, the erodibility of the cohesive layer
appears to be similar for a variety of locations throughout
the world. For example, the erodibility (measured in the
ﬂume experiments) for ﬁre-affected soils from three sites
in the western United States ranged from 1.48 to
2.03 × 104 s m1 and was similar in magnitude to the
steady state erodibility measured in the erosion plots at
Sunday Creek in southeastern Australia (1.66 × 104 s m1)
and similar to steady state erodibility reported for highseverity wildﬁres in the northwestern United States (e.g.,
2.0 × 104 s m1 [Wagenbrenner et al., 2010]). These
values of erodibility for the two layers provide critical
parameters for developing a two-layer model of postwildﬁre
erosion.
[51] Roots reinforce the soil matrix by providing extra
cohesion in addition to the intrinsic cohesion of soil aggregates [De Baets and Poesen, 2010; Fattet et al.,
2011; Gyssels et al., 2005]. The statistical model in equation (5) indicates that ﬁre-induced changes to erodibility
can be predicted using root density, which may be

(9)

[49] These parameters are the initial estimates of the production (by wildﬁre) of noncohesive soil, (dnc(t = 0) = 0.89 m)
Table 4. Shear Strength Parameters in Equation (8) Based on Data
From Surveys in Small Headwaters of Sunday Creek, Stony Creek,
and Ella Creek in Southeast Australia
Time
Since Fire
Site
Sunday Creek
Stony Creek
Ella

Shear Strength
(ds = 0)

Parameters
τ vmax

tsf
(years)

(kPa)

0.5
1.0
0.5
1.0
2.5
3.0

34.4
36.7
38.5
40.8
55.3
54.1

f

p
(m )

Adjusted
2
R

τ v (ds)
(kPa)

1.02
0.56
1.17
0.47
0.55
0.70

0.96
0.99
0.95
0.96
0.94
0.97

1.7
6.4
1.2
12.4
11.9
10.5

1

18.8
4.76
30.6
2.28
3.65
4.16

Discussion
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Figure 9. (a) The percentage noncohesive soil plotted as function of depth (ds) by applying a soil shear strength
(τ v) threshold of 5 kPa. The threshold was deﬁned based on the average depth of soil removed from the erosion
plot experiments at Sunday Creek. (b) A cumulative density function was ﬁt to the data in Figure 9a and is
presented as a probability density function (PDF). (c) The expected depth E[ds] of the PDF in Figure 9b as a
measure of the average depth of noncohesive soil, dnc, (m) as a function time (years) since ﬁre (tsf).
directly related to heat impacts on the soil [Parsons et al.,
2010]. The exponential decrease in the inﬂuence of roots
with depth is probably due to (i) a natural decrease in
ﬁbrous root density, (ii) a decrease caused by the necrosis
of roots [Michaletz and Johnson, 2007; Smirnova et al.,
2008], and (iii) the increase in the inﬂuence of other soil
properties such as percentage silt and clay or bulk density,
which correlated with erodibility at ds > 0.03 m. This pattern is consistent with observations by DeBano et al,
[2005] that at greater soil depths the amount of organic
matter decreases and interparticle bonds become increasingly important as sources of soil structure and cohesion.
[52] At the soil surface, the variability in erodibility of
the burned soils from three sites in the western United
States was almost identical with coefﬁcient of variation
(CV) ranging from 0.81 to 0.82. This variability at scales
<1 m2 is greater than the variability between the three
sites (CV = 0.59). Further analysis of variability shows
that the ratio of CV between samples to CV between sites
decreases with soil depth, which means that the inﬂuence
of site factors on erodibility increase with depth. This
supports the notion that wildﬁre can “homogenize” the
landscape [e.g., Ebel, 2012] and that surface properties
become independent of some of the speciﬁc geological
and pedological factors which contribute to variability between sites [Sheridan et al., 2000; Tisdall and Oades,
1982; Wischmeier and Mannering, 1968].

4.2. Sediment Depletion and Transient Conditions
on Burned Hillslopes
[53] Postwildﬁre erodibility can be simpliﬁed into a twolayer model with a noncohesive layer overlying a cohesive
substrate. The noncohesive layer lacks structure and has been
shown to consist of ash, partially combusted organics, gravel,
and mineral soil [Badia and Marti, 2003; Moody and Ebel,
2012; Woods and Balfour, 2010], and the depth of this
noncohesive layer, dnc, can be determined by measuring the
soil shear strength. Essentially, no detachment is required to
initiate erosion within the noncohesive layer because typical
shear stresses on steep hillslopes exceed the critical shear
stress necessary to initiate motion and resuspension, therefore resulting in transient and potentially transport-limited
conditions [Hairsine and Rose, 1992; Rauws and Covers,
1988; Zhang et al., 2009]. However, this noncohesive layer
can be depleted [Ziegler et al., 2000]. Depletion results in a
strong temporal shift in the composition of the eroded soil
(Figure 6a) and is associated with a strong reduction in the
sediment ﬂux (Figure 5).
[54] The exponential decline of noncohesive depth, dnc,
during recovery (Figure 9c), indicates that the dnc parameter
was responsive to ﬁre-related impacts on sediment availability and recovery of the soil. Initially, after the wildﬁre, the entire surface in the sampled headwaters at Sunday Creek and
Stony Creek consisted of noncohesive layer. The average
depth of this layer was estimated to be between 0.007 and
0.009 m (7–9 mm). With an average bulk density of 1300 kg
m3 (measured for soil depths between 0 and 0.02 m), this
depth equates to 97–117 Mg ha1 of noncohesive material,
which is readily available for transport on recently burned
hillslopes. Failing to incorporate this source of material as a
part of the overall sediment availability could be an important
source of error in existing models that are used to predict
postwildﬁre erosion. After 2.5–3 years since ﬁre (in the Ella
Creek catchment), the dnc was reduced to a thin layer of
noncohesive soil (<5 Mg ha1), essentially corresponding to
a single-particle layer. Once the noncohesive layer was depleted, the erosion process shifted toward detachment-limited
conditions where the sediment ﬂux was steady and determined
by ﬂow properties and a constant erodibility of the cohesive
layer. The shift from transient to steady state conditions
corresponded to a threefold shift in soil shear strength between
soil depths of 0.01 and 0.03 m.

Table 5. Properties of Noncohesive Material dnc at Sunday Creek
and Stony Creek
Sunday Creek Stony Creek
Loss on Ignitiona (%)
Solubilityb (%)
Particle Sizec (mm)
Gravel (%)
Coarse & Medium Sand (%)
Fine Sand (%)
Silt (%)
Clay (%)

>2
0.250-2
0.063-0.250
0.002-0.063
<0.002

23.6
2.3

7.3
1.9

54
7.5
14.1
22.5
1.9

31
2.5
15.2
47.5
3.7

a

Percent mass loss after heating at 500°C for 2 h.
Solubility measured as the percentage mass loss after submerging 5 g of
material (<2 mm) in 2 L of distilled water at 20°C for 48 h.
c
Particle-size distribution determined using laser diffraction particle-size
analyzer with a sonicator but no dispersing agent.
b

12

NYMAN ET AL.: FIRE EFFECTS ON SEDIMENT AVAILABILITY

4.3. Large-Scale Implication: A Conceptual Model
[57] The interplay between background erodibility and the
inﬂuence of wildﬁre on sediment availability can have important implication for the type and magnitude of
postwildﬁre erosion responses. For instance, Larsen et al.
[2006] showed that the frequency of debris ﬂows was insensitive to ﬁre effects on weathering-limited systems with low
sediment availability on hillslopes. Similarly, Nyman et al.
[2011] found that weathering-limited catchments in plutonic
granite terrain in northeast Victoria (southeast Australia)
were less susceptible to runoff generated debris ﬂows
after wildﬁre than the adjacent sedimentary catchments.
Sedimentary catchments were not weathering-limited, and
the soil mantled hillslopes in these systems provided a major
source of ﬁne sediment for postwildﬁre debris ﬂows [Smith
et al., 2012]. Cannon et al. [2003] observed a similar pattern
where the presence of noncohesive soil on hillslopes resulted
in earlier initiation of debris ﬂows than on hillslopes with less
available sediment. These studies indicate that explicit representation of wildﬁre effects on sediment availability is important for predicting both type and magnitude of erosion
responses on burned hillslopes.
[58] Results from this study can be used to develop a conceptual framework for quantifying wildﬁre effects more
broadly across systems with different soils and vegetation
(Figure 11). The most fundamental relation is the dependency
between erodibility and the availability of noncohesive material on the surface (Figure 11a), a dependency which will
appear stronger for soils with low background erodibility.
The magnitude of the changes in erodibility caused by ﬁre
effects in relation to background erodibility ultimately determines the sensitivity of geomorphic systems to wildﬁre in
terms of sediment availability. The role of wildﬁre in driving
the dependency between erodibility and availability of
noncohesive material can be captured by modeling the production and depletion of noncohesive soil. Initial production is a
function of ﬁre severity, while the return to preﬁre conditions
can take different trajectories depending on the local factors
that affect depletion through erosion and soil recovery
(Figure 11b). Representing ﬁre effects as perturbations above
the background conditions provides a basis for understanding
the role of sediment availability in modulating postwildﬁre
erosion responses across variable landscapes [Prosser and
Williams, 1998].

Figure 10. The cumulative availability of sediment as a
function of unit discharge (qw) and the stream power (Ω).
The plots are generated from (i) measurements of sediment
yield (kg m2) and (ii) modeled sediment yield (equation
(7)) from the ﬁtted sediment ﬂux functions in Figure 5.

[55] Sediment yield produced during transient conditions
was a function of discharge. Transient sediment yield, Yt,
during the initial ﬂux was 2.5, 4.1, 3.0, and 1.2 kg m2 when
the unit discharge was increased sequentially from 1.33 to
10.0 × 103 m2 s1. Increased cumulative yield with increasing discharge on the erosion plot can be interpreted
as an increased potential to erode a ﬁnite pool of material
in the noncohesive layer. At each new discharge, an increasing proportion of the noncohesive material was entrained
and transported off the plot (Figure 10). The dominance of
large particles in the initial ﬂux of water and sediment from
the ﬁeld erosion plots (Figure 6a) indicates that the steep
ﬂow front may result in an increased ﬂow competence, an
effect which may have been ampliﬁed by potential increase
in viscosity due to the high concentration of ﬁne sediment in
the ﬂow [Gabet and Sternberg, 2008; Rickenmann, 1991],
or perhaps by the fact that the critical shear stress is less
for particle diameters that are greater than the typical height
of the bed roughness on which they are moving (i.e., the
relative roughness is small) [Wiberg and Smith, 1987].
[56] While the effect of steep ﬂow fronts is an artifact of the
experimental design (i.e., step-wise increase in ﬂow), it is a
realistic representation of the dominant erosion processes
operating on steep hillslopes exposed to short duration and
high intensity rainfall [Horton, 1945; Schumm, 1956;
Wondzell and King, 2003]. Pulses of ﬂow, appropriately
described by Horton [1945] as “rain wave trains”, are a form
of nonuniform ﬂow caused by accelerating ﬂow and by the
build up and bursting of small sediment or debris dams.
Steep ﬂow fronts, the potentially high sediment concentration in ﬂow pulses, and the relative roughness of the bed
can lead to ﬂow competence and transport capacity in excess
of what is captured during steady state erosion experiments in
ﬂumes [Gabet and Sternberg, 2008]. Using traditional
measures of transport capacity [e.g., Foster and Meyer,
1972; Govers, 1990; Zhang et al., 2005] may therefore be
misleading when modeling hillslope erosion during high
intensity rainfall in burned systems.

5.

Conclusions

[59] Sediment availability was investigated at the point
scale in the laboratory and at the hillslope and catchment
scale in the ﬁeld. At the point scale, root properties were
found to be an important variable that can be used to predict the erodibility of ﬁre-affected soil. Speciﬁcally, root
density and soil depth accounting for 62% of the variation
in erodibility. This provides an explicit link between sediment availability and a root property that is directly impacted by burning. Postwildﬁre sediment availability and
erodibility vary spatially and temporally. In ﬁre-affected
soils, erodibility at the point scale decreased exponentially with depth through a layer of noncohesive soil and
ash. This layer potentially provides an important source
of material during the postwildﬁre period, particularly immediately after the initial burn impact.
13
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Figure 11. Conceptual model of sediment availability on burned hillslopes. (a) The surface erodibility is a
function of background erodibility and the availability of noncohesive soil. With a complete cover of
noncohesive soil, the erodibility is at a maximum. When noncohesive material is depleted, the erodibility
decreases to background levels. (b) The initial ﬁre effect and the subsequent recovery are represented
through the production and depletion of noncohesive soil. These processes determine the depth of
noncohesive material at any point in time. For a low-severity ﬁre, the production of noncohesive soil is
minimal, it is rapidly depleted, and the perturbation to kd is therefore small. The low and high background
erodibility scenarios in Figure 11a represent hillslopes from Sunday Creek, southeast Australia (clay loam
soil) and Arroyo Seco, California (sandy soil) [see Kean et al., 2011].

[62] Linking the roots properties in near-surface soils with
burn severity and the depth distribution of noncohesive material is a particularly interesting avenue for future research,
which may provide useful insight into the quantitative link
between ﬁre behavior, soil heating, and sediment availability
on hillslopes. Another research avenue is to develop a quantitative basis for representing ash as an input to sediment
availability, so that erosion rates from burned catchments
can be evaluated in context of this additional source of sediment, which is unrelated to weathering.

[60] Instead of measuring steady state erodibility of
burned hillslopes, this paper focused on the transient
erodibility of the noncohesive layer. Initially, erodibility
and sediment ﬂux from the noncohesive layer were high
and independent of the background erodibility. With time,
the availability of noncohesive soil was depleted and
sediment ﬂux trended back toward a steady state with a
constant erodibility between 1.0 and 2.0 × 104 s m1 as
erosion reached the cohesive layer. Measurements of soil
shear strength was correlated with the shift from
noncohesive to noncohesive soils and provided a practical
method to estimate the thickness of the noncohesive layer
at the ﬁeld scale. Changes in sediment availability during
recovery could be represented spatially as a probability
distribution of noncohesive soil depth with a mean that
decreases exponentially with time since wildﬁre.
[61] This paper presents a conceptual model of sediment
availability with explicit representation of the noncohesive
surface layer that is produced by wildﬁre. The conceptual
model provides an opportunity to explore changes in sediment availability in context of ﬁre severity, soil heating,
and the interaction with intrinsic catchment properties such
as soil, geology, and vegetation. The model can also be
coupled with information on ﬁre effects on runoff to evaluate
the relative importance of sediment availability versus runoff
generation mechanisms to determine how different geomorphic systems respond to wildﬁre.
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