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Post-fire Erosion and the
Effectiveness of Emergency
Rehabilitation Treatments over Time

by Lee H. MacDonald and Peter R. Robichaud

High-severity wildfires can increase
runoff and erosion rates by one or
more orders of magnitude, and these
increases can threaten life and
property as well as severely
degrading water quality and aquatic
ecosystems. Each year millions of
dollars are spent on emergency post-
fire rehabilitation treatments to
minimize flood runoff and soil
erosion. Few data have been
available to systematically evaluate
the effectiveness of these treatments
over time, much less understand why
the different treatments might vary in
their effectiveness. There also is an
urgent need to develop and test
models for predicting post-fire
erosion and the likely effects of
different post-fire treatments. In
response to these needs, we initiated
a series of detailed studies after the
2002 wildfires in Colorado. The
primary objectives were to:

e Evaluate the effectiveness over
time of four different burned
area emergency rehabilitation
(BAER) treatments (straw
mulching, hydromulching,
scarification and seeding, and
application of a polyacrylamide)
relative to untreated control sites;

¢ Quantify post-fire erosion rates
over time;

o Evaluate the effect of different
site characteristics on post-fire
runoff and erosion rates from
untreated and treated areas;

e Use the understanding and data
developed in this project to test
and improve models for
predicting post-fire erosion;

e Determine the extent to which
erosion measurements at the
small plot or hillslope scale can
be extrapolated to the small
watershed scale.

Our work focused on the Colorado
Front Range where we were already
making measurements on four
wildfires and three prescribed fires
(Huffman et al., 2001; Benavides-
Solorio and MacDonald, 2001, 2002,
2005; Wagenbrenner et al., 2006).
The primary study area was the
Hayman and Schoonover wildfires
southwest of Denver, Colorado,
where we had fortuitously
established a series of hillslope- and
watershed-scale sites in summer
2001 to evaluate the effects of forest
thinning on runoff and erosion
(Libohova, 2004). While the results
are specific to the Colorado Front
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Range, we believe that the underlying principles
are much more broadly applicable and should be of
considerable interest to resource managers,
scientists, and modelers.

Effectiveness of Different BAER
Treatments

To evaluate the effectiveness of the different
BAER treatments (straw mulching, hydromulching,
scarification and seeding, and application of a
polyacrylamide), we established 18 pairs of treated
and control hillslopes plus four nearby hillslopes
that had been treated with aerial hydromulching.
Eroded sediment was captured and measured at
each site with sediment fences (fig. 1). Most of the
control sites were established within several weeks
after burning in summer 2002, and the treatments
were applied within 1-3 months after burning. All
sites had burned at high severity, and they have
been monitored through summer 2007. Rainfall
simulations in the field and in the laboratory
allowed more controlled studies of treatment
effectiveness and the underlying runoff and erosion
processes. A series of lab experiments also were
conducted to test whether the polyacrylamide
(PAM) preferentially binds with mineral soil and/or
ash in aqueous solutions.

Both the hillslope data and the rainfall simulations
showed that the straw mulch and aerial hydromulch
significantly increased the amount of ground cover
and reduced post-fire erosion rates (Rough, 2007;
Schaffrath, in prep.). More specifically, both of
these treatments reduced sediment yields by more
than 90% from the time of initial application in late
summer 2002 through summer 2003, and in
summer 2004 they reduced sediment yields by 77%
and 50%, respectively. By summer 2005 there were
no significant differences in ground cover or
sediment vyields between the treated and control
sites because: (1) the mulch cover had decayed or
been eroded and (2) vegetative regrowth had
progressively eliminated the differences in ground
cover between the treated and the control sites.

In contrast to the aerial hydromulch treatment,
which significantly reduced sediment yields in the
first two summers after burning, the ground-based
hydromulch treatment had no significant effect on
hillslope-scale sediment yields. Visual observations

Figure 1. Photo from summer 2003 showing a pair
of sediment fences, the piles of sediment
excavated from the fences, and the relatively bare
hillslopes after the June 2002 Hayman fire.

indicated that aerial hydromulch yielded a stronger
and more cohesive surface cover than the ground-
based hydromulch, and this is attributed to its lower
water content, higher wood fiber content, and
inclusion of a PAM binding agent. The aerial
hydromulch treatment also was applied more
uniformly and had a higher seed density (Rough,
2007; Schaffrath, in prep.). Since a nearby aerial
hydromulch application did not significantly reduce
sediment vyields at the small watershed scale,
additional studies are needed to assess how the
formulation and application of hydromulch affects
its ability to reduce post-fire erosion under varying
site conditions and storm events.

The scarification and seeding treatment had no
significant effect on either vegetative regrowth or
post-fire sediment yields (Rough, 2007; Schaffrath,
in prep.). Field measurements showed that the
mean depth of scarification using McLeod hand
tools was only about 2-3 cm, and this was neither
sufficiently deep nor extensive enough to break up
the fire-induced soil water repellency (Rough,
2007). Qualitative field observations indicate that
scarifying with harrows behind all-terrain vehicles
also was ineffective, as there was surface rilling
and no visual evidence of increased plant cover
relative to adjacent untreated areas. Our sediment
production data and other studies suggest that the
scarification may have increased post-fire erosion
by about 50% by disturbing the soil surface, but
this increase was not statistically significant due to
the high variability between sites (Rough, 2007).
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The application of dry and wet PAM on hillslopes
had little or no effect on post-fire erosion rates as
these did not increase the amount of ground cover
or increase vegetative regrowth relative to the
adjacent control sites (Rough, 2007). The wet PAM
treatment did reduce sediment yields for two small
rainstorms in summer 2002 and one larger storm in
summer 2003, but this reduction was statistically
significant only for summer 2002. There was no
evidence that the dry PAM treatment reduced
sediment production rates, and a subsequent wet
application of PAM on these sites also did not
significantly reduce hillslope erosion rates. We
conclude that a heavier and carefully formulated
application of PAM might provide some initial
benefit in terms of reducing post-fire erosion rates
in small or moderate storms under certain
conditions, but at this point we cannot advocate the
use of PAM for reducing post-fire erosion for the
coarse-textured soils and climatic-regime
characteristic of our study sites. Additional
research is needed to determine whether and under
what conditions the application of a particular
PAM could contribute to a short-term reduction in
post-fire runoff or erosion.

Post-fire Erosion and Recovery for
Untreated Sites

To quantify post-fire erosion rates over time, we
established and/or continued monitoring 63
untreated control sites on four wildfires and one
prescribed fire. These data were combined with our
pre-existing data from seven wildfires and three
prescribed fires to yield 422 plot-years of data from
110 hillslopes that had burned at varying severities.
We also conducted rainfall simulation experiments
in the third year after burning on the 2000 Bobcat
wildfire and in the second and third years after
burning on the Hayman wildfire. The majority of
our study sites were in areas that had burned at
high severity, as our previous work had shown that
these areas generate nearly an order of magnitude
more sediment than sites burned at moderate or low
severity (Benavides-Solorio and MacDonald, 2001,
2002, 2005).

Sediment production rates from sites burned at
high-severity generally approach background rates
by the third summer or roughly 24 months after
burning (fig. 2) (Benavides-Solorio and
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Figure 2. Annual sediment yields versus time
since burning for plots at six wildfires burned at
high severity and three prescribed fires in the
Colorado Front Range.

MacDonald, 2005; Pietraszek, 2006). Median
sediment production rates are highest in the second
summer after burning because summer rainfall is
typically very low in the summer of burning. By
the third or fourth summer after burning the median
sediment production rate usually drops to near-
background levels, but very high values can still
occur as a result of severe storm events or those
sites with particularly poor growing conditions.
The range of values shows the extreme spatial and
temporal variability, particularly in the first three
years after burning. It is important to note that
some of this variability cannot be readily explained
by the observed differences in rainfall, ground
cover, slope, or other site conditions.

The slowest declines in post-fire sediment
production rates have been observed in drier areas
with coarse-textured soils. The slower revegetation
rates in these sites means that 50-60% ground
cover may not be achieved until four or five years
after burning, and elevated post-fire sediment
production rates can continue for up to five years.
We attribute the slower recovery rates to the
limited ability of these soils to store and retain soil
moisture. This means that soil texture can be an
important control on post-fire revegetation rates
and sediment vyields after burning (Pietraszek,
2006; Schaffrath, in prep.).
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Influence of Site Characteristics on
Runoff and Erosion Rates

The large dataset collected under this and our other
projects allowed us to evaluate the importance of
different site characteristics on post-fire sediment
production rates from both untreated and treated
areas. The most significant finding is that post-fire
sediment yields at the hillslope scale are most
closely related to percent bare soil (fig. 3). The
combined dataset shows that post-fire erosion rates
are generally very low if there is less than 35-40%
bare soil, highly variable when there is between 35
and 60% bare soil, and almost always high when
there is more than 65% bare soil (Pietraszek, 2006).
Rainfall simulation experiments indicate that
percent ground cover is critical because this
prevents the development of a structural seal at the
soil surface that can greatly reduce infiltration
rates. The ash cover present after a fire provides
only a limited and very short-term protection
against soil sealing. Surprisingly, removing the
ground cover from an unburned site causes a
similar erosion response as a high-severity wildfire
(Larsen et al., in review).

After the amount of ground cover, rainfall intensity
is the next most important control on post-fire
sediment yields. Although we do not have
sufficient soil water repellency data to directly test
how this affects sediment yields, measurements
over time show that the soil water repellency
decays much more rapidly than the measured
decline in sediment vyields (MacDonald and
Huffman, 2004; Benavides-Solorio and
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Figure 3. Relationship between percent bare soil
and annual sediment yield. Data were collected
from seven wildfires and three prescribed fires in
the Colorado Front Range.

MacDonald, 2005; Pietraszek, 2006). The rapid
decline in soil water repellency relative to post-fire
sediment yields suggests that soil water repellency
makes a much smaller contribution to the observed
increases in post-fire runoff and erosion than is
commonly assumed (Larsen et al., in review).

These results largely explain why the BAER
treatments that immediately provide ground cover,
such as mulching, have consistently been shown to
be most effective in reducing post-fire erosion.
Conversely, scarification, seeding, and PAM are
largely ineffective because they generally do not
immediately increase the amount of ground cover
(Wagenbrenner et al., 2006; Rough, 2007).

Field measurements and the comparison of
sediment yields from planar and convergent
hillslopes have shown that most of the post-fire
sediment from small and moderate storms is from
rill and channel erosion along concentrated flow
paths rather than sheetwash erosion on hillslopes
(Moody and Martin, 2001; Benavides-Solorio and
MacDonald, 2005; Pietraszek, 2006). A separate
experiment demonstrated that applying straw
mulch on the hillslopes was much more effective in
reducing hillslope-scale sediment vyields than
placing straw only in the convergent rills. Taken
together, these results suggest that hillslopes are the
critical source area for surface runoff, while
concentrated flow generates most of the sediment.
Since infiltration, or conversely the amount of
surface runoff, depends on surface sealing and the
amount of bare soil (Larsen et al., in review), post-
fire rehabilitation treatments need to include the
hillslopes if they are to reduce surface runoff, rill
incision, and channel erosion.

Testing Models for Predicting Post-fire
Sediment Yields

The large dataset collected under this and our other
projects has provided a unique opportunity for
testing the various models that are commonly used
for predicting post-fire sediment yields and the
effectiveness of selected rehabilitation treatments
(Pietraszek, 2006; Larsen and MacDonald, 2007;
Larsen et al., in prep.-a). For untreated hillslopes,
our data show that both RUSLE (Revised Universal
Soil Loss Equation) and Disturbed WEPP (Water
Erosion Prediction Project) tend to overpredict low
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Figure 4. Mean of the predicted sediment yields

using Disturbed WEPP for individual hillslopes.

sediment yields and underpredict high sediment
yields (fig. 4). Neither RUSLE nor Disturbed
WEPP were able to accurately predict post-fire
sediment yields for individual hillslopes because of
the high variability between sites and the inability
to accurately represent all of the site characteristics
that affect sediment yields. RUSLE and Disturbed
WEPP were much more successful at predicting
average sediment yields for a given fire and fire
severity (Larsen and MacDonald, 2007).

Our validation work with ERMIT (Erosion Risk
Management Tool) shows that this generally
underpredicts sediment yields from untreated and
seeded hillslopes in the Colorado Front Range, but
is much more accurate for predicting sediment
yields from hillslopes treated with straw mulch
(Larsen et al., in prep.-a). We are currently working
with the developers of Disturbed WEPP and
ERMIT to improve model performance, as these
two models have a stronger physical basis and
generally show more promise for accurately
predicting post-fire sediment yields than RUSLE.

Extrapolating Erosion Rate
Measurements to Larger Spatial Scales

The large dataset collected under this and our other
projects is allowing us to determine whether
sediment vyields at the small plot or hillslope scale
can be extrapolated to the small watershed scale.
For the first two or three years after burning
sediment yields for areas burned at high severity
are relatively constant per unit area, but decline
sharply with increasing area as burned areas
recover (fig. 5) (Larsen et al., in prep.-b). Rainfall

simulations are most useful for providing
comparative data at small scales. Extrapolating to
larger scales and longer time intervals is difficult
because the study sites are usually too small to
capture rill and channel erosion and they represent
only a small number of the possible storm events.
Hillslope-scale measurements are very useful for
characterizing sediment yields from burned areas,
as these are relatively inexpensive to establish and
hence much easier to replicate than studies at the
watershed scale. In contrast, runoff measurements
after wildfires are logistically difficult and much
more costly than sediment fences.

The high runoff and erosion rates in headwater
areas deliver large amounts of sediment to
downstream channels. The predominant role of
summer thunderstorms in the Colorado Front
Range means that unit area peak flows decline
rapidly with increasing scale. The decrease in unit
area peak flows and the decline in gradient with
distance downstream causes large accumulations of
post-fire sediment in the lower gradient,
downstream channels (fig. 6). Since hillslope
runoff rates decline to near-background levels
within 2-5 years, there is a rapid decline in peak
flows and the corresponding ability of downstream
channels to entrain and transport the accumulated
sediment. This means that decades or even
centuries may be necessary before the aggraded
channels can recover to pre-fire conditions (Moody
and Martin, 2001; Eccleston, in prep.). In some
cases the aggraded sediment causes the streamflow
to be primarily subsurface, and in these channels
the recovery to pre-fire conditions may be
extremely slow (Eccleston, in prep.).
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Figure 5. Sediment yield versus contributing area
for convergent hillslopes, Bobcat wildfire.
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Figure 6. Post-fire sediment deposition and
channel changes over time along a lower gradient
channel segment; Saloon Gulch, Hayman wildfire.

Additional Information

In addition to the theses and papers referenced
here, the results of our research have been
disseminated through more than 40 technical
presentations at scientific conferences and
workshops. Most of the theses, papers, and book
chapters resulting from this project are available
online at:
http://welcome.warnercnr.colostate.edu/~leemac/.
Additional materials are being added to the website
as soon as they become available.
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Low-Water Crossings: Geomorphic, Biological,
and Engineering Design Considerations

Low-water crossings are structures designed to be
overtopped by high flows or debris- or ice-laden
flows. Low-water stream crossings are alternative
structures to culverts and bridges on low volume
roads and trails. They can offer substantial
environmental advantages in dynamic stream
environments where flow is highly variable and
woody debris inputs pose a risk to the crossing
structure.

Low-Water Crossings: Geomorphic, Biological,
and Engineering Design Considerations was
written by Kim Clarkin, Gordon Keller, Terry
Warhol, and Suzan Hixson. The document reviews
the advantages and disadvantages of different low-
water crossing structures in various stream
environments and describes situations where low-
water crossing structures may be the optimal type
of structure to choose. A wide range of field
examples are used throughout the document to
demonstrate the performance, problems, and
advantages of different types of low-water crossing
structures. The document provides technical
guidance on:

1) Determining the effects of low-water crossing
structures on stream function and stability in
various stream environments;

2) Selecting low-water crossing structures that
minimize disruption of channel processes and
aquatic habitats;

3) Designing low-water crossing structures using
basic engineering parameters and requirements.

The document has 5 principal chapters and 2
principal appendices. Chapter 1 defines and
introduces the various types of low-water crossing
structures, explaining where and when they can be
useful. Chapter 2 addresses key questions
necessary for evaluating roads and sites in the
larger context of the watershed and transportation
system. Chapter 3 describes the process of
selecting the best structure for a site. Chapter 4
describes the basic tools and procedures for
engineering design of low-water crossing

structures, and shows how applying these tools and
procedures can achieve various objectives. Chapter
5 summarizes the benefits and risks of 11 types of
low-water

crossing structures. Appendix A

contains 21 case studies of low-water crossing
structures, some with plans and drawings from the
actual construction contracts. Appendix B contains
a Hydraulic Structure-Site Examination Form for
evaluating site conditions at the crossing.

This document will be a useful reference to
managers for recognizing and developing designs
for sites where low-water crossing structures are
likely to benefit both the transportation and aquatic
system. The publication is unique because it
provides guidance on locating, selecting, and
designing low-water crossing structures to fit the
channel so they are less likely to obstruct stream
functions, damage the aquatic system, and sustain
structural damage during floods.

Low-Water Crossings: Geomorphic, Biological,
and Engineering Design Considerations is
published by the USDA Forest Service, San Dimas
Technology Development Center. A limited
number of hard copies are available and can be
ordered by e-mailing gtoyama@fs.fed.us. An
electronic copy can be downloaded online at
http://www.fs.fed.us/eng/pubs/pdf/LowWaterCross
ings/index.shtml. PN
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