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[1] Increased erosion is a well-known response after wildfire. To predict and to model
erosion on a landscape scale requires knowledge of the critical shear stress for the
initiation of motion of soil particles. As this soil property is temperature-dependent, a
quantitative relation between critical shear stress and the temperatures to which the soils
have been subjected during a wildfire is required. In this study the critical shear stress was
measured in a recirculating flume using samples of forest soil exposed to different
temperatures (40�–550�C) for 1 hour. Results were obtained for four replicates of soils
derived from three different types of parent material (granitic bedrock, sandstone, and
volcanic tuffs). In general, the relation between critical shear stress and temperature can be
separated into three different temperature ranges (<175�C; 175�C–275�C; >275�C),
which are similar to those for water repellency and temperature. The critical shear
stress was most variable (1.0–2.0 N m�2) for temperatures <175�C, was a maximum
(>2.0 N m�2) between 175� and 275�C, and was essentially constant (0.5–0.8 N m�2) for
temperatures >275�C. The changes in critical shear stress with temperature were found to
be essentially independent of soil type and suggest that erosion processes in burned
watersheds can be modeled more simply than erosion processes in unburned watersheds.
Wildfire reduces the spatial variability of soil erodibility associated with unburned
watersheds by eliminating the complex effects of vegetation in protecting soils and by
reducing the range of cohesion associated with different types of unburned soils. Our
results indicate that modeling the erosional response after a wildfire depends primarily on
determining the spatial distribution of the maximum soil temperatures that were reached
during the wildfire.

Citation: Moody, J. A., J. D. Smith, and B. W. Ragan (2005), Critical shear stress for erosion of cohesive soils subjected to

temperatures typical of wildfires, J. Geophys. Res., 110, F01004, doi:10.1029/2004JF000141.

1. Introduction

[2] Increases in runoff and erosion are commonly
observed after wildfires [Doehring, 1968; Helvey, 1980;
Moody and Martin, 2001a]. However, to predict and model
postfire erosion on a watershed scale (1–1000 ha) requires a
quantitative understanding of the relation between the
fundamental soil properties and the temperatures during a
wildfire. Fire temperatures above the ground can range from
50�C to greater than 1500�C, but what in general is
important to the biotic component of the soil is the heat
released (typically 2 � 103 to 2 � 106 J kg�1 [Neary et al.,
1999]) and the subsequent heat flux into the soil (typically
2.4 � 103 W m�2 [Massman et al., 2003]). Crown fires with
large flame lengths may pass quickly and produce less heat
flux into the soil than the combustion of the litter and duff
layers, which often continue to burn long after the crown

fire has passed [Johnson and Miyanishi, 2001]. Maximum
temperature and heat flux also can change physical soil
properties that affect erosion, such as organic matter
content, pore volumes, aggregate stability, surface sealing,
and permeability or saturated hydraulic conductivity
[Humphreys and Craig, 1981; Neary et al., 1999]. After a
wildfire, a decrease in the hydraulic conductivity and hence
in the infiltration rate has been postulated to be the result of
fire-induced water repellency [DeBano, 2000]. However, it
is important to remember that many soils are naturally water
repellent [DeBano, 1969; Doerr et al., 2000; Dekker et al.,
2001]. The degree of natural and fire-induced water repel-
lency is related to the type of the soil particle size, organic
matter, soil moisture, maximum temperatures, and duration
of combustion [DeBano and Krammes, 1966; DeBano,
2000; Doerr et al., 2000; Robichaud and Hungerford,
2000]. Laboratory measurements of DeBano and Krammes
[1966] indicate that water repellency in granitic soils from
southern California was a function of both maximum
temperature and duration. However, the dependence on
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duration was within a narrow range between 5 and 20 min
and for longer duration, water repellency was primarily a
function of maximum temperature in the range from 150�
to 480�C. Similarly, the presence or absence of cohesive
forces in the soil produced by organic matter, clays, bio-
logical secretions [Gerits et al., 1990], and organometallic
compounds [Giovannini et al., 1988] are dependent on
temperature thresholds. Thus in general, maximum soil
temperature is more important than total heat flux into the
soil because both water repellency and cohesive forces are
associated with temperature thresholds.
[3] Erosion of both cohesive and noncohesive soil con-

sists of three separate processes. First is the separation,
detachment, or initiation of motion of soil aggregates or
particles from among neighboring aggregates or particles;
second is the transport of these detached aggregates or
particles; and third is an increase in the particle transport
rate along a flow path (more generally a divergence of the
particle transport rate) that results in removal of particles or
aggregates from the hillslope. For example, a downhill flow
of increasing depth on a uniform slope produces an increas-
ing boundary shear stress and an increasing transport rate in
the down-slope direction, hence a divergence of the sedi-
ment transport and erosion of the hillslope. These three
processes can occur on hillslopes as a result of rain splash
[e.g., Poesen and Savat, 1981], overland flow, a combina-
tion of these two processes [Moss and Green, 1983], or as a
result of surface water from the adjacent hillslopes converg-
ing into drainages (unchannelized) and then into the chan-
nelized drainage network.
[4] Erodibility is commonly used in the literature to mean

the inverse of the ‘‘resistance of the soil to both detachment
and transport’’ [Morgan, 1986, p. 48] when subjected to an
increasing force per unit surface area in the downhill
direction. Erodibility has been expressed as a ratio of the
mass of soil eroded per unit area per unit time per unit flow
variable. Several different flow variables have been used
such as kinetic energy per unit area [Poesen and Savat,
1981], rain intensity raised to a power [Rose et al., 1983;
Elliot et al., 1989; Flanagan and Nearing, 1995], rainfall
erosivity index [Renard et al., 1997], unit stream power
[Rose et al., 1983; Hairsine, 1988; Nearing et al., 1997],
and force per unit surface area or boundary shear stress
[Elliot et al., 1989; Flanagan and Nearing, 1995]. Thus
these formulations in the literature all fit the following
general defining relation:

E ¼ KX ; ð1Þ

where E is the erosion of soil particles per unit area per unit
time (kg m�2 s�1), K is the erodibility, and X is a suitable
flow variable. This definition makes the critical implicit
assumptions that (1) the mass of eroded soil is linearly
related to the chosen flow variable and (2) the erodibility is
a constant property of a given soil. Three problems arise if
erodibility is used to predict erosion on either unburned or
burned hillslopes. First, the use of different flow variable for
X makes it impossible to compare values of erodibility with
differing dimensions of mass, length, and time. Second, the
relation between eroded mass and the chosen flow variable
is not linear over the entire range of any of these variables
[Meyer-Peter and Müller, 1948; Bathurst et al., 1987;

Hanson, 1991; Zhu et al., 2001], and as such erodibility is
not a constant. Third, erodibility as defined by equation (1)
includes both the initiation of motion process, which is soil
property-dependent, and the transport process, which is not
a fundamental property of the soil, but rather depends on the
flow characteristics of the transporting fluid.
[5] By focusing on the three erosion-related processes

separately, a theory for hillslope erosion after a wildfire can
be developed. The logical choice is to first focus on the
forces required to detach soil aggregates and particles,
that is, on the initiation of motion for soil particles.
Then, develop a theory for the transport and soil removal
processes by spatially variable rainfall coupled with shallow
flows on steep hillslopes. The transport theory, like those
developed for clastic sediment transport [Meyer-Peter and
Müller, 1948; Yalin and Karahan, 1979; Wiberg and Smith,
1987], will depend on the difference between the actual
forces exerted by the flow on the soil aggregates (a property
of the flow) and the forces required to initiate motion of the
soil aggregates (a property of the soil).
[6] A few previous studies have focused on the initiation

of motion of soil aggregates. For example, Raudkivi and
Tan [1984] used an erosion model for cohesive soils
[Croad, 1981] to determine the number of bonds per unit
area and the activation energy to break interparticle chem-
ical bonds of essentially pure clays. In contrast, Nearing
[1991] developed a probabilistic model that incorporated
the tensile strength of the soil, which is an aggregate
measure of the resistant forces of both chemical and organic
bonds. These resistant forces act per unit area on a hillslope
or streambed, and thus they become stresses. Moreover,
they are appropriately scaled by the boundary shear stress.
Unit stream power has been used instead of boundary shear
stress by Yang [1973], but it is proportional to the product of
the boundary shear stress and the vertically averaged flow
velocity. Particles or aggregates on the boundary at the
threshold of motion, however, are not affected by the
velocity field in the interior of the fluid. Rather, they are
affected only by the near-boundary flow, which is scaled by
the shear velocity (square root of the boundary shear stress
divided by the fluid density). Consequently, the lift and drag
forces on soil particles or aggregates, which both depend of
the square of the velocity averaged over the site of the
particle with the particle removed, are both scaled by the
boundary shear stress.
[7] Boundary shear stress, tb, is the force per unit area

exerted on the surface beneath the flow in the direction of
the flow [Middleton and Southard, 1984]. It is used in
cohesive sediment transport problems (such as those per-
taining to marine clays with high water content) because it
represents the direct force per unit area on the deforming
pseudo-plastic [Johnson, 1970] mass. In contrast, it is used
in clastic sediment transport problems because it is directly
related to the drag and lift forces exerted by turbulent flows
on objects protruding from the boundary such as sediment
grains [Middleton and Southard, 1984; Wiberg and Smith,
1987]. Therefore when used for soils it scales both the force
on the broad surface of a cohesive soil and the fluid forces
(drag and lift) on particles composing that surface. At the
threshold of particle motion, the critical boundary shear
stress measures the force per unit area of surface required to
break both the chemical and organic bonds among the soil
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particles composing the flow boundary. This critical shear
stress for the initiation of soil motion may be the result of a
high-velocity lateral flow associated with direct raindrop
impact on the sediment surface [Hartley and Julien, 1992],
raindrop impact through a thin water film covering the
sediment surface, the force per unit area caused by turbulent
overland flow, or a combination of these forces per unit bed
area. By whatever means the force per unit area is applied to
the boundary, the response of the boundary at the initiation
of soil erosion can be measured by the value of the critical
shear stress. As such, the critical shear stress for erosion is a
property of the soil and not of the flow.
[8] Conceptually, the critical shear stress for a mixed-

grain, cohesive soil differs from the critical shear stress for a
noncohesive soil. It represents an aggregated property of the
soil matrix rather than a property of a size specific, non-
cohesive particle setting in a pocket composed of similar
particles and held there only by gravity (see Wiberg and
Smith [1987] for a comprehensive discussion of the latter
case). The hierarchical nature of the cohesive mechanisms
(electrostatic-clay and sesquioxide-cement bonds at the
0.2 mm scale, encrustations of organic secretions and
microbial debris at the 2 mm scale, and rhizomes and roots
at the 200 mm scale [Gerits et al., 1990]) results in soils with
complex cohesive properties. Nevertheless, when the criti-
cal shear stress for erosion is measured, the number, types,
and magnitudes of the forces resisting particle motion are
not important, and the critical shear stress for soil particle
motion becomes an aggregate measure of the forces that
resist particle movement in the soil sample. The purpose of
our study was to focus on the initiation of erosion process
and to determine the change in the critical shear stress for
several different mixed-grain, cohesive forest soils sub-
jected to temperatures similar to those experienced by soils
in wildfires.

2. Methods

2.1. Experimental Flume

[9] The critical shear stress for cohesive, forest soils
subjected to different temperatures was measured in a
1.84 m long recirculating flume made from 12 mm clear
plastic. The flume was 0.095 m wide and 0.158 m deep with
a headbox and diffuser at one end and open at the other end

such that water spilled into a sump and was circulated by a
pump back to a reservoir (Figure 1). A plywood, bottom
insert (0.095 m wide by 0.016 m thick by 1.5 m long) was
place on the floor of the flume with an oval slot cut in the
center of the plywood so that the top edge of a porcelain
crucible (0.020 m wide, 0.105 m long, and 0.012 m deep)
could be mounted flush with the top of the plywood insert.
The test section was an area (0.017 m wide by 0.087 m
long) within the crucible. This test section was located 1.0 m
downstream from the end of the diffuser. Additional side-
walls (one plywood and one clear plastic) were clamped to
the inside of the main sidewalls of the flume to hold the
plywood bed in place. This reduced the width of the flume
to 0.083 m. The flume rested on a pivot near the diffuser
and the slope was adjusted by turning a vertical screw
supporting the flume near the open end. Flow depths, h,
ranged from 0.003 to 0.015 m, and the width-to-depth ratio
ranged from 10 to 40. The bed roughness was greater than
the sidewall roughness so that the sidewall effect upon the
measured shear stress at the center of the flume was
estimated to be less than 10%, using the method of Shimizu
[1989].

2.2. Flume Calibration

[10] Calculating the boundary shear stress from measure-
ments of water depth and slope was uncertain. One source
of error was the nonuniform flow, which appeared to
weakly accelerate or decelerate during some test cases; a
second source was the form drag on the edges of the
crucible, which was imbedded into the plywood bottom
insert; and a third source was the error in measuring the
shallow-flow depth, which was in many cases unacceptably
large, possibly up to 20%. Thus the test section was
calibrated to determine the boundary shear stress for com-
binations of water discharge and slope of the flume using
well-sorted, noncohesive sediment mostly from a stream in
a local burned watershed (Table 1). Critical shear stress for
well-sorted, noncohesive sediment has long been estab-
lished from flume measurements [Shields, 1936; Yalin and
Karahan, 1979], but in all experiments, it has required a
subjective criterion. The criterion for the initiation of motion
used in this paper was the initiation of significant particle
motion. This was defined to be the movement of particles
from different locations at different times within the test

Figure 1. Experimental flume used to measure critical shear stress of forest soils.
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section such that there was a continuous flux of sediment
downstream from the sample in the crucible. It is important
to understand that significant motion is not the same as first
motion used by some investigators. First motion is a time-
dependent variable, and, as such, given enough time a
particle may eventually move [Miller et al., 1977; Lavelle
and Mofjeld, 1987]. Significant motion is independent of
time and thus less ambiguous. Owing to the shallow depths
and high velocities used in the experiments, the criterion
above excludes erosion by sweeps, which are small-scale,
localized phenomena, and erosion of particles from pockets
with lower than average angles of repose.

[11] The shallow flow in the flume imposed additional
restrictions. The relative roughness, D/h, (where D is the
particle diameter) was kept less than about 0.3 by using two
separate discharges (0.102 L s�1 ±3.5% and 0.505 L s�1

±9.2%). This restriction was necessary because for larger
values of D/h, the forces on the particles in the flume were
no longer scaled just by the boundary shear stress. Instead,
they also depended on the velocity profile, which depended,
in turn, on the nature of the roughness of the bed [Wiberg
and Smith, 1987]. When the relative roughness (D/h) is less
than about 0.3 this effect can be ignored [Ashida and
Bayazit, 1973; Govers, 1987].

Table 1. Particle Size Classes and Theoretical Critical Shear Stress of Noncohesive Sediments for Flume Calibrationa

Size class
Critical Shear Stress

Mean Shear
Stress, N m�2 Discharge, L s�1

Angle of
Repose, deg

Sediment
SourcePhi range Lower, mm Upper, mm

Lower, N
m�2

Upper, N
m�2

4.0–3.5 0.062 0.088 0.16 0.22 0.19 0.102 62 fluvial
3.5–3.0 0.088 0.125 0.22 0.26 0.24 0.102 62 fluvial
3.0–2.5 0.125 0.180 0.26 0.29 0.28 0.102 62 fluvial and beach
2.5–2.0 0.180 0.250 0.29 0.33 0.31 0.102 62 fluvial and beach
2.0–1.5 0.250 0.355 0.33 0.37 0.35 0.102 62 fluvial and beach
1.5–1.0 0.355 0.500 0.42 0.48 0.45 0.102 67 colluvial
1.0–0.5 0.500 0.710 0.48 0.58 0.53 0.102 67 colluvial
0.50–0.25 0.710 0.850 0.58 0.72 0.65 0.102 67 colluvial
0.25–0.00 0.850 1.000 0.72 0.79 0.76 0.102 67 colluvial
0.00 to �0.25 1.000 1.18 0.79 0.99 0.89 0.102 67 colluvial
�0.25 to �0.50 1.18 1.40 0.99 1.14 1.07 0.102, 0.505 67 colluvial
�0.50 to �0.75 1.40 1.70 1.14 1.54 1.34 0.102, 0.505 67 colluvial
�0.75 to �1.00 1.70 2.00 1.54 1.75 1.65 0.505 67 colluvial
�1.00 to �1.25 2.00 2.36 1.75 2.26 2.01 0.505 67 colluvial
�1.25 to �1.50 2.36 2.80 2.26 2.61 2.44 0.505 67 colluvial

aCritical shear stress based on work of Wiberg and Smith [1987].

Figure 2. Two calibration curves for the flume with a discharge of 0.102 and 0.505 L s�1. Multiple
replicates of 15 different size classes of sand and gravel were used to construct these calibration curves.
Polynomial regression equations were the best fit (largest R2) to the data and are shown on the graph.
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[12] As mentioned above, the measurement site in the
flume was calibrated by observing the initiation of signif-
icant motion of well-sorted, noncohesive sediment particles,
measuring the corresponding flume slope, and calculating
the critical shear stress. Measurements of the slope of the
flume were repeated at least five times for each size class of
noncohesive particles. Critical shear stress was computed
(see equation (9) below) using the theory of Wiberg and
Smith [1987]. Shear stress was computed for the lower and
upper particle diameter of each size class. The average of
these two values was used to represent the critical shear
stress of the entire size class because each size class had a
relatively narrow range of particle diameters. Four plywood
bottom inserts (with the slot for the crucible) were used
alternately and calibration runs were made for each size
class of noncohesive particles using each of these inserts.
Fluvial and beach sand was used for size classes less than
0.355 mm rather than the sediment from the burned water-
shed because the latter, noncohesive sediment had signifi-
cant amounts of plate-like mica particles that detach quickly
and obscure the view of the sand grains. A total of 236 runs
were made to calibrate the flume slope to the theoretical
critical shear stress (Figure 2).

2.3. Critical Shear Stress Theory

[13] The critical shear stress for noncohesive sediment
particles was calculated using the theory of Wiberg and
Smith [1987]. Briefly, the forces in the direction of flow
acting to move a noncohesive particle that is underwater are
(1) the fluid drag, FD, and (2) the down-slope component of
the gravitational force on the particle minus the buoyancy,
namely the effective weight of the particle in water, F0

g sin q.
Here, q corresponds to the local inclination of the flume bed
or the forest floor. The force acting to resist the particle
motion is the bed-normal component of the effective
weight, F0

g cos q, holding the particle in a pocket in the
surface composed of other particles. The component of the
effective weight of the particle normal to the surface is
decreased by the lift force, FL, created by the square of the
velocity difference between the bottom and the top of the
particle (with the particle removed). The resulting effective
weight, F0

g cos q � FL, is converted into a force parallel to
the flume bed or the forest floor by multiplying by the
tangent of the angle to which the surface would have to be
tipped for the particle to roll out of its pocket. This is the
same as the particle pocket angle, f0. Therefore the force
balance on the particle in the direction of flow is

FD þ F 0
g sin q ¼ F 0

g cos q� FL

� �
tanf0; ð2Þ

which can be rearranged to yield equation (6) given by
Wiberg and Smith [1987]:

FD ¼ F 0
g

tanf0 cos q� sin q
1þ tanf0 FL=FDð Þ : ð3Þ

The drag force on the particle is

FD ¼ 0:5rCD u2
� �

A
Ax; ð4Þ

where CD is the particle drag coefficient for the particle, r is
the density of water, hu2iA is the square of the velocity of

the fluid averaged over the cross-sectional area of the
particle exposed to the flow with the particle removed, and
Ax is the cross-sectional area of the particle perpendicular to
the flow direction. The lift force on the particle is

FL ¼ 0:5rCL u2T � u2B
� �

Az; ð5Þ

where CL is the particle lift coefficient, uT
2 and uB

2 are the
square of the fluid velocity that would be at the top and
bottom of the particle were the particle removed, and Az is
the cross-sectional area of the particle of diameter D on the
bed. The effective weight, F0

g is (rs � r)gVs, where rs is the
density of the particle, g is the acceleration due to gravity,
and Vs is the volume of the particle. One common
assumption is that the velocity near the soil surface varies
in accordance with the law-of-the-wall (logarithmically with
distance above the flow boundary) such that

u ¼ u
*
=k

� �
ln z=z0ð Þ; ð6Þ

where u* is the shear velocity (u* = (tb/r)
1/2), k is von

Karman’s constant (0.408), z is the distance above the soil
surface, and z0 is an effective hydraulic roughness
parameter. However, close to the boundary, viscosity effects
(n is the kinematic viscosity, m2 s�1) become important and
we used the Reichardt [1951] equation, which yields a
linear velocity profile within the viscous sublayer (z 
 dv =
11.6n/u*) with the thickness of the sublayer given by dv(m),
and logarithmic profile above the viscous sublayer

u ¼ u*
1

k
ln 1þ

ku*z

n

� �	 
�
� 1

k
ln

u*z0

n

� �
þ ln k

� �

� 1� e
�u*z=11:6n �

u*z

11:6n
e�

0:33u*z

n

� ��
¼ u*fR k; n; z0; zð Þ: ð7Þ

The term inside the brackets is a form of the law-of-the-
wall, the other term is a result of the viscous effects, and all
the terms inside the curly brackets are abbreviated as fR. The
average of the square of the velocity over the cross-sectional
area of the particle exposed to the flow is therefore

hu2iA ffi u2
*

Z Dþzb

zb

f 2R k; n; z0; zð Þdz ¼ u2
*
IR; ð8Þ

where the integral, IR, is approximated here by assuming a
square instead of a circular cross section. Here zb is the
distance of the bottom of the particle above the level at
which the flow velocity is zero (z = z0). Usually zb is
negative and thus the integration begins at z0.
[14] Substituting expressions for FD, FL, and F0

g into
equation (3) and using the relation tb = ru*

2 gives the
theoretical equation for the critical shear stress

tbð Þc¼
rs � rð Þga1D cos q tanf0 � tan qð Þ

IRCD 1þ tanf0
CL

CD

f 2
T
�f 2

Bð Þ
IR

� �	 
 ; ð9Þ

where we have assumed that Ax = Az and set 2Vs/Ax = a1D
(a1 = 4/3 for spherical and = 1 for cubic particles).
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[15] The pocket angle, f0, was determined as a function
of particle size for classes (0.125 to 2.86 mm) sieved from
noncohesive sediments that had eroded from hillslopes and
channels after rainstorms following the Buffalo Creek Fire
in Colorado in 1996 [Moody and Martin, 2001b]. These
sediment particles were chosen as having a shape more
typical of particles composing soils. The relation between
the particle pocket angle (in degrees) and the ratio, D/ks, of
the moving particle diameter, D, on a bed composed of
particles with median diameter, ks, according to Miller and
Byrne [1966] is

f0 ¼ f1 D=ksð Þ�b; ð10Þ

where b is a sorting parameter. For sands eroded after a
rainstorm over the watersheds burned by the Buffalo
Creek Fire, f1 = 67� and b = 0.31. At the 25th and 75th
percentiles, the values were f1 = 56� and f1 = 81�,
respectively. According to the measurements of Miller and
Byrne [1966]f1 = 70� and b = 0.3 for angular sediment
(typical of the hillslopes of concern). The median value
was used to calculate the theoretical critical shear stress for
the upper and lower limits of each size class using
equation (9) (Table 1). The geometry of the pocket angle,
f0 has been related to zb by Wiberg and Smith [1987] with
the equation

f0 ¼ cos
D=ksð Þ þ z

D=ksð Þ þ 1

� �
; ð11Þ

where z* = zb/ks. The flume was calibrated using well-
sorted particle size classes (Table 1) consequently D/ks = 1
and using f0 = 67 gives z* = �0.22, which is similar to
the value (�0.16) for ‘‘crushed quartz’’ determined by
Wiberg and Smith [1987], such that in both cases the
bottom of the particle is below the level where the velocity
is zero.

2.4. Soil Properties

[16] Forest soils were collected from four unburned and
four burned sites in Colorado and New Mexico, and
represent three different bedrock parent materials. Sam-
ples from unburned sites were collected from soils
derived from granitic (Hi Meadow and Rocky Mountain
Hydrologic Research Center or RMHRC sites (Table 2))
and sandstone bedrock (Pine Ridge site) in the Colorado
Front Range, and from soils derived from welded and
nonwelded volcanic tuffs in New Mexico’s northern
Jemez mountains (Rendija site). Samples from burned
sites were collected from granitic soils (Hi Meadow and
Hayman sites) in the Colorado Front Range, from sand-
stone soils (Missionary site) in San Juan mountains of
southern Colorado, and from welded and nonwelded
volcanic tuffs soils in the Jemez mountains (Rendija site).
Cohesion in forest soils is predominately a function of
organic content and particle size. Therefore the organic
content was measured as loss on ignition at 510�–550�C
for 1 hour [DeBano and Conrad, 1978; R. Stallard,
written communication, 1998] and was found to be
similar among all samples (Table 2). The particle sizeT
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distribution of the remaining mineral soil was determined
by sieve analysis (Table 2).

2.5. Soil Sample Preparation

[17] Multiple soil samples were collected in the field as
intact box cores, placed in aluminum protective containers,
and later subsampled for testing in the laboratory. One side
of the thin, aluminum protective container was carefully
removed from a field sample (0.2 m � 0.2 m � 0.05 m),
subsamples were cut from the field sample, and mounted in
a crucible for heating and testing in the flume. To help
maintain the integrity of the subsample during the cutting
and transfer process, the field sample was wetted for about
1 hour before starting the process. Four subsamples from
the same field sample were put in four separate crucibles,
placed in a preheated muffle furnace at the same tempera-
ture for 1 hour, and then tested in the flume to provide
replicate measurements. If there was not enough soil in the
field sample for four subsamples, then another field sample
was used. The relatively narrow and shallow crucibles
insured that the entire subsample was subjected to the
specified temperature, which was verified using the soil
temperature equation given by Koorevaar et al. [1983].
Temperature fluctuations of the muffle furnace were about
1%. To insure that the subsample was flush with the top of
the crucible after being heated to temperatures greater than
300�C, the sample was cut and placed in the crucible such
that 0.001–0.002 m of soil was above the top edge of the
0.012-m-deep crucible. This compensated for the settling
during heating caused by a decrease in bulk density
(��20% ffi �0.002 m/0.012 m). For subsamples subjected

to temperatures less than 300�C, there was no settling and
the subsample was cut and placed flush with the top edge of
the crucible.

2.6. Critical Shear Stress Measurement

[18] The critical shear stress was determined for replicate
subsamples subjected to each temperature. These ranged
from 40�C (maximum temperature assumed for samples in
the field) to 550�C. The samples were composed of a
mixture of particle sizes held together by both chemical
and organic bonds. The criteria for the initiation of erosion
of this soil matrix were therefore different than the criterion
for initiation of erosion of noncohesive sediments used to
calibrate the flume and depended upon the type of parent
material and the temperature range. One of the following
criteria for the initiation of erosion for cohesive, mixed-
grain soils were observed after the initial winnowing of
ash and fine sediment (less than about 0.125 mm) from
the surface: (1) movement of the coarser sediment fraction
(1–2 mm) over the finer fraction (typically 0.125–
0.500 mm), as opposed to just winnowing of the fine
fraction, and producing a coarse sediment lag on the
surface; (2) steady erosion or scour of the surface, which
has been referred to by Luque and van Beek [1976] as
‘‘nonceasing’’ scour; (3) erosion of several large (1–2 mm)
soil aggregates in succession from the surface.
[19] The critical shear stress measurements were initiated

at the lowest discharge (0.102 L s�1) and with the flume
level or with a slight positive (upward) slope. This positive
slope helped to minimize the initial wave of water associ-
ated with starting the flow in the flume and decreased the

Figure 3. Critical shear stress for initiation of erosion of three types of forest soils (granite, sandstone,
and volcanic tuffs). Smaller symbols indicate the 95% confidence limits for the mean of replicate samples
shown by the larger symbol (some limits do not show because larger symbols are superimposed (see
Table 3)). The question mark indicates that the critical shear stress measurements are a minimum and are
certainly much greater than the upper limit of 3.2 N m�2 shown on the graph.
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net water surface slope and its associated shear stress below
the critical value. The subsamples in the crucible were
prewetted before the wooden insert with the crucible was
placed on the floor of the flume. The porcelain crucible with
the test sample was covered with a thin aluminum plate that
was slowly withdrawn downstream after the flow in the
flume had equilibrated. The slope of the flume was slowly
increased (negatively, downward) until the ash (if any) and
fine sediment began to move. The slope of the flume was
calculated by measuring the vertical change relative to the
level position of a light beam from a laser mounted on the
top of the flume (Figure 1) and projected onto a wall located
7.82 m from the pivot point of the flume. The slope was
then increased in increments until one of the three criteria
listed above was observed. If none of the criteria was
observed, the flow was stopped, the sample covered with
the aluminum plate, and the procedure repeated at the
higher discharge (0.505 L s�1). If no initiation of erosion
occurred at the higher discharge, then the maximum slope
(�0.0461) was recorded. The maximum shear stress,
corresponding to this maximum slope, calculated using
the depth-slope product was 3.2 N m�2.
[20] During the experimental runs we considered the time

duration of the sediment response and chose to change the
flume slope on a timescale of 5–10 s. We estimated the
timescale for the turbulent fluctuations by applying Taylor’s
‘‘frozen turbulence’’ hypothesis [Tennekes and Lumley,
1990] to shallow, turbulent flow. Flow depths were similar
to hillslopes and ranged from 0.0020–0.018 m. Mean flow
velocities (0.14–1.4 m s�1) across the entire width of the
flume were calculating using the water discharge (either
0.102 or 0.505 L s�1), the flume width (0.083 m), and the
flow depths and were on average about 20% less than those
predicted assuming hydraulically smooth flow [Middleton
and Southard, 1984] at the center of the flume. These
velocities were used to compute the Reynolds number
(1100–6500) and Taylor’s timescale (0.003–0.070 s) or
frequency (14–330 cycles s�1). Turbulent fluctuations in
this frequency range are too small in spatial scale and persist

for too short a time to move soil particles out of their
pocket, because of the inertia of the particles, and thus the
timescale for changing the flume slope was many times
greater than the turbulent timescales for the flume experi-
ments and for those characteristic of flow on hillslopes.
[21] Sediment eroded during the measurement was caught

in a 0.063 mm sieve (Figure 1), dried, and sieved to
determine the distribution of particle sizes greater than
0.063 mm. Particles less than 0.063 mm passed through
the sieve, became suspended sediment, and were removed
when the flume was drained after each series of four
replicate measurements. The suspended sediment never
reached concentrations sufficient to affect the viscosity of
the fluid. A total of 320 runs were made using different soils
and at different temperatures to measure the critical shear
stress, and 71 of these runs yielded data that could be used
to determine the critical shear stress for the initiation of
motion of ash. An additional 20 runs were made, as a
control, to determine the effect of temperature on the critical
shear stress for noncohesive sand (0.71–0.85 mm) similar
to that used to calibrate the flume.

3. Results

[22] In general, the relation between critical shear stress
and temperature can be separated into three different tem-
perature ranges (<175�C; 175�C–275�C; >275�C) for the
soil types that were tested. The critical shear stress was most
variable (1.0–2.0 N m�2) for temperatures less than 175�C,
was a maximum (>2.0 N m�2) between 175� and 275�C,
and was essentially constant (0.5–0.8 N m�2) for temper-
atures greater than 275�C (Figure 3). Critical shear stresses
at 200� and 225�C for the Hi Meadow samples and at
225�C for the RMHRC sample exceeded the range of
the calibration curve and were estimated to be greater than
3.2 N m�2 using the depth-slope product. These samples
were cohesive and indurated after heating, failed to wet, and
would either erode as one or two large chunks representing
at least 30% of the sample or would fail to erode at the

Table 3. Critical Shear Stress at Various Temperatures and Estimates of Cohesive Forcesa

Temperature, �C
Hi Meadow (Granite)
Mean ± 95% CL (n)

Pine Ridge (Sandstone)
Mean ± 95% CL (n)

RMHRC (Granite)
Mean ± 95% CL (n)

Rendija (Volcanic Tuffs)
Mean ± 95% CL (n)

Sand (0.71–0.85 mm)
Mean ± 95% CL (n)

Critical Shear Stress, N m�2

40 2.2 ± 0.1 (22) 2.0 ± 0.2 (9) 1.2 ± 0.4 (11) 1.4 ± 0.2 (7) 0.45 ± 0.04 (4)
150 2.2 ± 0.2 (4) 1.9 ± 0.5 (7) � � � � � � 0.49 ± 0.04 (4)

175 � � � � � � 0.9 ± 0.2 (4) � � � � � �
200 >3.2b (3) 1.9 ± 0.4 (5) 1.8 ± 0.4 (4) � � � 0.50 ± 0.07 (4)

225 >3.2b (4) � � � >3.2b (4) � � � � � �
250 1.0 ± 0.3 (10) � � � 1.1 ± 0.5 (4) � � � � � �
275 0.8 ± 0.7 (2) 0.8 ± 0.3 (3) � � � � � � � � �
300 0.8 ± 0.1 (2) � � � � � � � � � � � �
325 � � � � � � 0.6 ± 0.04 (4) � � � � � �
350 0.8 ± 0.1 (12) � � � � � � � � � � � �
400 � � � 0.7 ± 0.2 (4) � � � � � � 0.61 ± 0.07 (4)

450 0.5 ± 0.1 (3) � � � � � � � � � � � �
550 0.5 ± 0.1 (4) 0.6 ± 0.1 (4) 0.5 ± 0.03 (4) 0.5 ± 0.1 (7) 0.48 ± 0.05 (4)

Estimate of Cohesive Force, N m�2

40 90 60 30 50 �10
aAbbreviations are as follows: n, number of replicates; CL, confidence limits.
bSome samples never eroded or eroded as large ‘‘chunks’’ greater than 50% of the sample.
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maximum slope of the flume. The maximum slope occurred
most frequently in testing samples in the 175�–275�C range
and for the granitic soils (18% of Hi Meadow, 25% of
RMHRC, and 8% of Pine Ridge samples). Samples of soil
collected from natural burned sites were tested in the flume
and had similar critical shear stresses. The Hayman sample
had a critical shear stress of 1.7 ± 0.3 N m�2 (mean ± 95%
confidence limits) and the Missionary sample had a critical
shear stress of 1.8 ± 0.3 N m�2. The critical shear stress for
the control (sand sample, 0.71–0.85 mm) ranged from 0.45
to 0.61 N m�2 and had a maximum critical shear stress at a
higher temperature (400�C) than the forest soils (Table 3
and Figure 3). The critical shear stress for ash was less than
that for very fine noncohesive sand (0.19 N m�2), and
averaged 0.05 N m�2.
[23] The median size of the eroded material did not

depend on temperature but seemed to depend on soil type.
The Hi Meadow sample suggested a slight decrease in size
with increase in temperature (R2 = 0.37), but both the Pine
Ridge and RMHRC samples showed no change in size with
temperature. In general, for the samples heated in the muffle
furnace, the average ratio of the median size of the eroded
sediment (>0.063 mm) to the median size of the same
fraction (>0.063 mm) of the original sediment was about
1.0 (see Table 2). For the samples from natural burn sites,
the average ratio was quite variable (0.3 ± 0.1 for the
Hayman sample and 3.8 ± 0.3 for the Missionary sample).

4. Discussion

4.1. Laboratory and Field Conditions

[24] These laboratory results probably do not reproduce
field conditions perfectly for several reasons. The ‘‘gradual’’
heating in the furnace over 1 hour may represent either too
short or too long a duration when compared to heating
duration times for wildfires. The heating process, while
isotropic, is also different because heat in the muffle furnace
penetrates the soil on all sides, while heat from wildfires can
only penetrate from the surface downward producing a
thermal gradient near the surface. The 1 hour exposure time
in the muffle furnace coupled with the small sample size
probable created drier antecedent soil conditions (less than
1%) than under natural conditions. The subsequent wetting
of the subsamples just before the samples were put in the
flume may have created greater soil moisture conditions
than might be present during the first rainstorm after a fire.
Another reason is that the sample size was necessarily small
to permit heating in the muffle furnace and this small size
created some edge effects around the crucible. However, to
minimize these possible edge effects, observations of the
erosion processes were focused across the central 0.010 m
of the sample. Nevertheless, the errors associated with all of
these potential problems are small relative to inherent
structural variability in the soil and the fire characteristics.

4.2. Critical Shear Stress for Cohesive Material

[25] The question of the existence of a threshold or
critical shear stress for cohesive materials has been debated
in the literature with specific reference to marine sediments
[Lavelle and Mofjeld, 1987]. Many unconsolidated marine
sediments tend to act in a pseudo-plastic [Johnson, 1970]
rather than a visco-plastic [Prager, 1961; Furbish, 1997]

manner, making determination of a nonzero critical shear
stress challenging. In contrast, the forest soils that we
investigated appeared to yield viscoplastically or plastically
rather than pseudo-plastically, and appeared to have a well
defined, although not necessarily accurately resolved, crit-
ical shear stress. Keeping in mind the problem of the
various criteria for critical shear stress, it is interesting to
compare values from this paper with others published in the
literature. For example, our critical shear stress measure-
ments are similar to those (0.69 to 6.64 N m�2) calculated
by Elliot et al. [1989] and to those (0.50 to 1.27 N m�2)
calculated by Zhu et al. [2001] for agricultural soils using
regression techniques. This suggests that for a wide variety
of bare surfaces subjected to normal temperatures, the
critical shear stresses are roughly the same.

4.3. Effect of Slope on Critical Shear Stress

[26] Owing to the role that particle weight plays in
resisting particle motion, the critical shear stress for erosion
depends on the slope of the surface. Consequently, a
modification of the force balance for the initiation of
particle motion is necessary to generalize the results of
our experiments for use with cohesive soils on hillslopes,
which are steeper than most stream channels. In the absence
of this modification, the results presented in this paper can
be considered maximum values. The additional resisting
force is the cohesive force, Fc = fcAs (where As is the surface
area of the particle), and therefore this force is added to the
right-hand side of equation (2). We set a2 = 2As/Ax and note
that a2 is 8 for spherical and 6 for cubic particles. Thus
equation (9) generalizes to

tbð Þc¼
rs � rð Þga1D cos q tanf0 � tan qð Þ þ a2fc

IRCD 1þ tanf0
CL

CD

f 2
T
�f 2

Bð Þ
IR

� �	 
 : ð12Þ

[27] Our experiments show that unburned cohesive forest
soils have critical shear stresses more than five time greater
than those for noncohesive sediment even when tan q is
small. As tan q increases, the difference between tan q and
tan f0 in (12) decreases causing the gravitational effects to
decrease in magnitude even further relative to the cohesive
effects. Consequently, on moderate to steep hillslopes, the
gravitational effects can be neglected and no correction of
our experimental results for slope is required. For low to
moderate slopes, one needs to estimate the cohesive force,
fc. We used a particle size equivalent to the D50 of
the soil type (which included the <0.063 mm size class
and we used 0.5 mm for Rendija), substituted these param-
eters and constants (f1 = 67�; b = 0.3; CL = 0.2; CD = 0.85;
a1 = 4/3; q = 0�; g = 9.8 ms�2; rs = 2650 kg m�3; and r =
1000 kg m�3) and the corresponding critical shear stresses
(Table 3 for 40�C) into equation (12), and solved for the
cohesive force per unit area (Table 3). The estimated
cohesive force for the noncohesive sand sample (0.71–
0.85 mm) is less than zero (Table 3) suggesting that the
parameters of the noncohesive sediment, which were chosen
were slightly in error. These same parameters were used to
calculate the cohesive forces for the cohesive sediment and
thus potentially introduced a negative bias of approximately
10 N m�2. However, the order of magnitude of the cohesive
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force per unit area for unburned soil is similar among soil
types and one to two orders of magnitude greater than the
critical shear stress at all temperatures. Using these values of
fc in equation (12) permits calculations of (tb)c to be made
using (12) for conditions other than the experimental ones,
including low to moderate slopes. However, owing to the
natural variability in fc on forested hillslopes and its
dominant effect on the critical shear stress for significant
motion of soil particles, high accuracy in the evaluation of
(tb)c from (12) should not be expected.
[28] The primary focus of this paper is on burned soils,

but when near-surface soil temperatures during the fire
remain below about 175�C, the soils do not significantly
change their cohesive properties. In this situation, the
method described in the previous paragraph can be applied,
and to a first approximation no slope correction need be
made. Similarly, if the burned soils are granitic and they
reach temperatures between 175� and 225�C (see Figure 3),
the cohesion in these soils is such that F0

g 
 Fc and equation
(12) reduces to

tbð Þc¼
a2fc

IRCD 1þ tanf0
CL

CD

f 2
T
�f 2

Bð Þ
IR

� �	 
 : ð13Þ

In this case, all effects associated with particle weight,
including those arising from the slope of the hillside, can be
neglected. As a consequence, the flume results can be
applied directly to any hillside in this intermediate thermal
regime.
[29] In contrast, in the case of severely burned hillslopes

(T > 275�C) composed of any type of sediment, F0
g � Fc,

and the method of Wiberg and Smith [1987] can be used
together with (1) the measured size distribution for the soil
on the burned hillside and (2) the measured slope to obtain
the critical shear stress of the burned soil. This calculation
can be made for a hillslope of any steepness. In such
calculations, a value for tan f0 is required, and, for
significant sediment motion, it can be determined using
f1 = 67� and b = 0.3, as described previously in the paper.
The critical boundary shear stress for significant motion of
soil particles measured in our flume, thus, can be applied
directly to hillsides of any slope in situations where F0

g 
 Fc

and can be modified for application to hillsides of any slope
when F0

g = order(Fc) or F
0
g � Fc using equation (12).

4.4. Erosion Processes

[30] Several types of erosion processes were observed for
the naturally cohesive forest soils that had been subjected to
different temperatures. At low temperatures (less than about
175�C) the soil surface had more variability in texture and
distribution of organic material than at higher temperatures.
These surface irregularities occasionally caused localized
eddies and consequently localized erosion. The cohesive
mechanisms span about three orders of magnitude from
microscopic to macroscopic length scales [Gerits et al.,
1990]. Some of those on the macroscopic scale could be
observed in the flume and are described here. For the
unheated soils, organic filaments like rhizomes and rootlets
often held soil aggregates together until the shear stress
actually broke the filaments. Some samples like the sand-
stone samples (Pine Ridge and Missionary) had greater

proportions of fines but were cohesive, and therefore, the
first criterion (movement of coarse sediment on fine sedi-
ment) was not applicable and either criterion 2 or 3 was
used to determine the initiation of erosion.
[31] In the temperature range between 175� and 275�C,

many test samples appeared cemented or indurated and
were difficult to prewet before testing in the flume.
Frequently, these samples did not erode at all or large
fractions eroded after fractures developed at the surface.
For temperatures in the 175�–275�C range, some samples
also were indurated and none of the erosion criteria
were met; therefore, only a minimum critical shear stress
(3.2 N m�2) could be estimated. The actual critical shear
stress for erosion could be an order of magnitude higher.
Because the samples would not wet, air trapped under the
surface would rise, and occasional air bubbles would escape
from the sample, burst, and carry sediment into the flow.
This ebullition process may be an important process of
erosion after wildfire, especially during the first rainfall and
runoff when natural soil also would respond similarly
because of the drying and increased water repellency. The
samples tested from two natural fire sites in Colorado
(Hayman Fire and Missionary Ridge Fire, both in 2002)
had similar critical shear stresses (1.7 and 1.8 N m�2,
respectively). On the basis of where these stresses would
intersect the curves in Figure 3, the temperatures were
probably between 225� and 250�C. This temperature range
is an approximate, spatially averaged estimate of tempera-
ture during those wildfires. Localized spots where logs had
burned on the ground producing white ash may have
had higher temperatures and the orange-reddish color of
the soil indicates temperatures greater than 350�C [Ulery
and Graham, 1993]. These occasional areas of higher
temperature typically are small in extent and thus would
have little effect on the spatial average soil temperature.
[32] For samples subjected to temperatures greater than

about 275�C in this study, the ash particles were the first to
erode at a critical shear stress �0.05 N m�2, however, this
was not considered to indicate erosion of the soil. Often the
samples tested between about 275� and 350�C were coated
with black soot, which was an indicator of the temperature
and the incomplete combustion of the organic matter at
those temperatures. At higher temperatures (>350�C), the
samples were consistently an orange-reddish color indicat-
ing complete combustion and some iron oxidation of soil
particles [Ulery and Graham, 1993]. At these high temper-
atures the organic material was absent, the surfaces were
more uniform, and the soils were observed to be non-
cohesive. The bulk density of samples at these temperatures
was about 20% less than that of the unheated samples. This
decrease in bulk density is similar to the measured change in
porosity of burned Mediterranean soils reported by Imeson
et al. [1992]. As a result, these samples had a ‘‘puffy’’
texture, were noncohesive, and were eroded easily.

4.5. Similarity of Critical Shear Stress and Water
Repellency Dependence on Temperature

[33] The changes in the critical shear stress with temper-
ature parallel changes in water repellency observed in
laboratory investigations [DeBano and Krammes, 1966;
DeBano, 2000]. The critical shear stress was approximately
constant in the low-temperature range (<175�C), and in
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general, water repellency has been reported to be nearly
constant [DeBano, 2000] with some degree of variability
[Dekker et al., 1998] in the same temperature range.
Similarly, the critical shear stress was variable for different
unburned soil types, which may reflect the hierarchy of
different cohesive mechanisms with different magnitudes
(Table 3).
[34] In the intermediate temperature range 175�–275�C,

indurated soil samples were observed, values of the critical
shear stress increased, and measurements of water repellency
have been observed by DeBano and Krammes [1966] to
reach a maximum. It is worthwhile, at this point, to examine
the possible underlying causes for the increased water
repellency and critical shear stress. The indurated samples
were probably the result of a change in the type of cohesion
or cementation. At temperatures less than 220�C, the
cohesion is attributed to the organic cementation (organo-
metallic compounds [Giovannini et al., 1988] and polysac-
charides produced by microorganisms and secreted by
rootlets [Gerits et al., 1990]). This organic cementation is
destroyed at temperatures above 220�C [Humphreys and
Craig, 1981; Giovannini et al., 1988] and replaced by
sesquioxide clay cementation, which involves iron, alumi-
num and titanium oxide clays [Donahue et al., 1977] and
has been compared to soil laterization [Giovannini et al.,
1988]. Sesquioxide clay cementation has been used to
explain the increase in soil aggregate stability [Giovannini
and Lucchesi, 1983; Guerrero et al., 2001; Mataix-Solera
and Doerr, 2004] and to explain the increase in sand and
silt-size aggregates for soil samples tested in the laboratory
after being subjected to temperatures from 25� to 900�C
[Wells, 1981; Giovannini et al., 1988; Ulery and Graham,
1993]. This cementation may explain the observed 3.8-fold
increase (p = 0.022) in the median size of eroded material
(compared to the original material >0.063 mm) after heating
for the Missionary sample and the slight 1.1-fold increase
(p = 0.069) in particle size for the Pine Ridge sample. Both
samples, but especially the Missionary sample, had fine
material (Table 2) that could be cemented to produce larger
aggregates. Surprisingly, the uniform, noncohesive sand
(0.71 to 0.85 mm) also showed a significant maximum in
critical shear stress at 400�C (Figure 3). This may have been
a result of a residue of clay particles adsorbed to the sand
grains even after the sand was washed and sieved. The sand
particles on the surface of the test samples were definitely
aggregated and water repellent, when the sand was first
exposed to flowing water after removal of the protective
aluminum plate. The physiochemical changes in cohesion
are speculative but the measured increased in magnitude of
the cohesion and water repellency has important consequen-
ces. In general, in this temperature range (220�–275�C), all
landscapes (especially those with granitic soils) will be less
erodible, and thus, primarily a source of water, ash, and fine
sediment rather than coarse sediment. The excess water
flowing off hillslopes into drainages and channels will erode
most of the coarse sediment. This is supported by field
measurements made after the Buffalo Creek Fire in Colorado
[Moody and Martin, 2001a, 2001b] where 20% of the eroded
sediment was estimated to have originated from hillslopes
and 80% from drainages and channels.
[35] The critical shear stress for all soils decreased

abruptly to about 0.8 N m�2 in the upper temperature range

(>275�C) and then decreased slowly to about 0.5 N m�2

near 550�C. Similarly, water repellency also has been
observed to decrease and soil porosity to increase when
temperatures were greater than about 280�C [DeBano,
2000]. Again, the possible underlying causes for the similar
response of critical shear stress and water repellency may be
explained by the physiochemical changes in cohesion. The
increase in porosity has been attributed to the combustion of
organic matter [Humphreys and Craig, 1981] and the fusion
of finer clay particles into aggregates [Giovannini et al.,
1988]. This increase in porosity has been observed in the
field [Imeson et al., 1992] and in the laboratory by the
authors based on the texture of the samples after heating and
before testing. At temperatures greater than 460�C, some
clay minerals lose hydroxyl groups [Giovannini et al.,
1988] causing the crystallographic structure to collapse
resulting in a decrease in sesquioxide clay cementation,
which further increases the soil porosity and erodibility.
Thus the destruction of sesquioxide clay cementation may
explain why the critical shear stress has a narrow range
(0.5–0.8 Nm�2) and is essentially constant over this upper
temperature range (>275�C).
[36] This relation between critical shear stress and tem-

perature has important consequences for modeling erosion
on a watershed scale after wildfire. For unburned soils the
spatial variability of soil erodibility has been mapped at the
watershed scale (0.01–10 km2) and at the landscape scale
(10–106 km2) using the Universal Soil Loss Equation’s K-
factor [Renard et al., 1997]. These maps show a complex
spatial distribution and a relatively wide range in magni-
tudes (K-factor = 0.1–2.0 m�1) for soil types in the region
west of the Great Plains of the United States [Wolock,
1997]. The results in this paper indicate that wildfire
reduces this complex spatial variability to a much simpler
spatial pattern that is independent of soil type and primarily
reflects the spatial distribution of maximum soil tempera-
ture. When maximum soil temperatures are 175�–275�C,
the critical shear stress is relatively high (>2 N m�2), the
soils are indurated, and the soil erodibility can be modeled
as minimal. When maximum temperatures are greater than
275�C, the range in magnitude of the critical shear stress
(0.5–0.8 N m�2) is narrow and the erodibility can be
modeled as the same for all soil types.

5. Conclusions

[37] Critical shear stress for the initiation of erosion of
forest soils has a complex dependence on temperatures
within the range typically measured in wildfires. In general,
the relation between critical shear stress and temperature
can be separated into three different temperature ranges
(<175�C; 175�C–275�C; >275�C) for the soil types that
were tested. The critical shear stress was most variable
(1.0–2.0 N m�2) for temperatures less than 175�C, was a
maximum (>2.0 N m�2) between 175� and 275�C, and was
essentially constant (0.5–0.8 N m�2) for temperatures
greater than 275�C. The similarities in the changes in
critical shear stress with temperature and the changes in
water repellency with temperature suggest that the two soil
properties are linked. This link may be through the types of
cementation processes exhibited by cohesive mixed-grain
soils at different temperatures.
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[38] In general, the changes in critical shear stress with
temperature shown in this paper are independent of soil type
and suggest that erosion processes in burned watersheds can
be modeled more simply than erosion processes in un-
burned watersheds. Wildfire reduces the complex spatial
variability of soil erodibility associated with unburned
watersheds by eliminating the complex vegetation compo-
nent of erosion and by reducing the range of critical shear
stresses associated with different types of unburned soils. In
addition, when these results are applied to watersheds with
steep, burned hillslopes, the range of critical shear stress
will be reduced even more by the effect of the down slope
component of gravity. Thus predicting the erosional re-
sponse after a wildfire will depend primarily on determining
the distribution of the maximum soil temperatures that were
reached during the wildfire. At the present time maximum
soil temperatures are not mapped. However, even initial
low-resolution (�40 ha) soil burn severity maps based on
infrared photographs (A. Parsons, written communication,
2003) provide some indirect estimate of the spatial distri-
bution of maximum soil temperature and more recent high-
resolution (0.0006–0.09 ha) soil burn severity maps based
on remote sensing of visible and near infrared radiation
provide more spatially detailed estimates of maximum soil
temperature.
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