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ABSTRACT OF THESIS

CONTROLS ON POST-FIRE EROSION AT THE HILLSLOPE-SCALE, COLORADO
FRONT RANGE

Post-fire erosion can have adverse affects on aquatic ecosystems and downstream
resources. While several studies in the Colorado Front Range have documented
increased erosion rates after wildfire, few studies have quantified the factors and
processes that control post-fire erosion rates over time. The goal of this study was to
quantify the key controls on hillslope-scale sediment yields at 10 fires of varying ages in
the Colorado Front Range. Sediment yields were measured with sediment fences for 2-4
years to yield 31 fire years and 255 plot years of data. Independent variables such as
percent cover, contributing area, slope, soil texture, aspect, and precipitation were
measured and a series of regression models were developed to predict sediment yields.
Rill incision rates were measured at 94 cross-sections in 14 swales at the 2002 Hayman
and Schoonover fires, and these values were converted to a mass and compared to
measured sediment yields.

Sediment yields were highly variable because short-duration, episodic summer
thunderstorms were the primary mechanism for initiating overland flow and erosion. In
the first two years after burning the mean sediment yield from high severity plots was 8.8
Mg ha™' yr! (s.d.=7.6 Mg ha™ yr'"), or about two orders of magnitude above the estimated
background rate. Sediment yields declined markedly by the third year after burning, but
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complete recovery was not evident at all high severity plots until the fifth year after
burning. Sediment yields from the moderate and low severity plots were typically an
order of magnitude less than the high severity plots. The differences with burn severity
and the decline in sediment yields over time are attributed to the amount of residual cover
and vegetative regrowth, as percent bare soil explained 58% of the variability in the
logarithm of annual sediment yields. A 2-parameter model using percent bare soil and
rainfall erosivity best predicted the validation dataset with a RMSE of 0.65 log (kg) units.
Topographic convergence was a key control on sediment yields at recent fires. At
the 2002 Hayman fire, unit-area sediment yields were 3-4 times higher from convergent
hillslopes (swales) than planar hillslopes, and 60-80% of the collected sediment from
convergent hillslopes is attributed to rill erosion in the swale axes. An empirical model
using contributing area times local slope explained 64% of the variability in rill incision
rates. The results suggest that rill erosion in localized convergent zones is the primary
sediment source for hillslope scale, post-fire erosion in the Colorado Front Range. The
process-based understanding developed in this study can be used to predict post-fire

erosion and guide post-fire rehabilitation programs in the Colorado Front Range.
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Department of Forest, Rangeland, and Watershed Stewardship
Colorado State University

Fort Collins, CO 80523
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CONTROLS ON POST-FIRE EROSION AT THE HILLSLOPE SCALE, COLORADO
FRONT RANGE

1. INTRODUCTION

In unburned forests, overland flow on hillslopes is rare because vegetation and
litter protect the soil surface and facilitate the rapid infiltration of rainfall (e.g., Dunne
and Leopold, 1978). Although wildfires are a natural disturbance to forested ecosystems
(e.g., Agee, 1993), there is a dramatic decline in infiltration rates after a wildfire because
the vegetative cover is removed and the soil structure is physically altered (e.g., Burch et
al., 1989; Robichaud, 2000; Pierson et al., 2001; Martin and Moody, 2001). Decreased
infiltration shifts the dominant runoff process from subsurface flow to infiltration-excess
overland flow (Simanton et al., 1990; Robichaud and Waldrup, 1994). The combination
of rainsplash and overland flow on soils with reduced aggregate stability and low surface
cover can increase soil erosion rates by several orders of magnitude over background
levels (e.g., Helvey, 1980; Inbar et al., 1998; Robichaud et al., 2000; Benavides-Solorio
and MacDonald, 2001).

Over the past 100 years, fire suppression in the Colorado Front Range has altered
natural fire patterns, particularly in ponderosa pine (Pinus ponderosa) and mixed conifer
forests. This has led to increased fuel densities (Kaufmann et al., 2000; Kaufmann et al.,
2001; Huckaby et al., 2001). As a result, modern wildfires may burn more intensely,

leading to higher burn severities over larger areas than under pre-settlement conditions



(Romme et al., 2003). Post-fire flooding and erosion are a growing concern in the
Colorado Front Range due to the increased risk of catastrophic wildfire and growing
human populations in the low elevation forests that are prone to fire. Following the 1996
Buffalo Creek fire, for example, flooding and sedimentation caused two deaths and
dramatically reduced the capacity of a reservoir that supplies drinking water to Denver
(Agnew et al., 1997; Moody and Martin, 2001a).

Steep slopes, poorly aggregated soils, and high-intensity summer thunderstorms
leave forested ecosystems in the Colorado Front Range particularly susceptible to
erosion. High post-fire erosion rates have been attributed to the formation of a water
repellent layer, loss of surface cover, and rainfall intensity (Moses, 1982; Morris and
Moses, 1987; Moody and Martin, 2001a; Benavides-Solorio, 2003). Accelerated erosion
rates appear to persist for 2-4 years after burning (Moody and Martin, 2001a; Benavides-
Solorio, 2003), but there are a lack of data that extend from immediately after burning
through hydrologic recovery.

Summer thunderstorms in the Colorado Front Range are episodic, short-duration
events that are extremely variable over space and time (e.g., Gary, 1975). The variability
in rainfall magnitude and occurrence has tremendous influence on post-fire erosion rates
and can lead to large differences in sediment yields between plots with similar physical
characteristics (Benavides-Solorio, 2003). Severe erosion from intense rainfall events at
recent fires has been documented (Moody and Martin, 2001a; Benavides-Solorio, 2003),
but the precise relationship between storm magnitude and post-fire erosion is largely
unknown. Additional data are needed to document how the erosional response varies

with storm magnitude, time since burning, fire severity, and other site characteristics.
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There also are a lack of data on hillslope-scale erosion processes immediately
after a high severity fire. At the Buffalo Creek fire, it was estimated that 80% of the
eroded sediment in two 4-7 ha watersheds was derived from gully and channel erosion
(Moody and Martin, 2001a). This suggests that concentrated overland flow in channels is
the dominant erosion process in small basins. On convergent hillslopes or zero-order
basins (termed swales in this study), overland flow concentrates in the swale axes and
leads to the incision of small channels or rills. Similar incision processes have been
observed on cultivated hillslopes (e.g., Slattery et al., 1994), and this incision is believed
to cause the 2-3 fold difference in erosion rates between planar and convergent hillslopes
or swales noted by Benavides-Solorio, 2003. However, the precise contribution of rill
erosion to hillslope-scale sediment yields is not known. A more detailed understanding
of erosion processes is needed to better predict post-fire erosion risk, and develop more
effective post-fire rehabilitation treatments.

The results of this thesis are presented in two parts. Chapter 2 reports hillslope-
scale sediment yields from 10 different fires of varying ages. Some portions of this study
began in 2000 (Benavides-Solorio, 2003). This thesis adds data from four additional fires
and two more years of data from the older fires. The complete dataset includes four fires
that were monitored from a few weeks after burning through hydrologic recovery. This
eliminates the need to substitute space for time and assuming comparability between fires
of different ages. The specific objectives of this portion of the study were to: (1) define
the dominant factors that control post-fire erosion rates over time, and (2) develop and

test a series of models for predicting post-fire erosion rates in the Colorado Front Range.



Chapter 3 presents a more intensive study of hillslope-scale erosion processes
immediately after two high severity wildfires. The objective was to quantify the role of
rill incision on sediment yields after high severity wildfires. This includes measurements
of rill incision rates at 94 cross-sections in 14 swales, and a comparison of sediment
yields from planar hillslopes and swales. The results identify the primary sediment
source areas on severely burned hillslopes. This information can help design more
accurate erosion prediction models and more effective techniques to reduce post-fire
erosion.

Taken together, the two chapters provide a much more explicit understanding of
post-fire erosion processes in the Colorado Front Range. The models and process-based
understanding can be used by land managers to develop more effective post-fire
rehabilitation programs and evaluate longer-term management options. Future
researchers can use this dataset to develop and validate complex, physically-based

models.
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2. MEASURING AND PREDICTING POST-FIRE EROSION AT THE
HILLSLOPE SCALE, COLORADO FRONT RANGE

2.1. ABSTRACT

Post-fire erosion in the Colorado Front Range can have adverse effects on aquatic
resources and property, but there are few data on the processes controlling post-fire
erosion rates either immediately after burning or over time. Hillslope-scale erosion rates
were measured with sediment fences on 10 fires of varying ages in the Colorado Front
Range from 2000-2003, resulting in 255 plot years of data. Rainfall, ground cover,
contributing area, slope, aspect, and soil texture were measured at each plot, and a series
of empirical predictive models were developed.

Over 90% of the annual sediment yield was generated from summer convective
thunderstorms from June to October. The mean sediment yield was 6.7 Mg ha™' and 10.7
Mg ha™ for all high severity plots in the first and second year after burning, respectively.
Sediment yields declined markedly at most plots by the third summer after burning, as
the mean value was just 0.57 Mg ha™'. This decline is attributed to vegetative regrowth
and the corresponding decrease in the amount of bare soil. Sediment yields from
moderate and low severity plots were typically an order of magnitude lower than from
high severity plots, and this difference also is attributed to higher amounts of litter and

vegetative cover.



The best multivariate model had nine significant parameters and explained 83%
of the variability in hillslope-scale sediment yields. Percent bare soil was the dominant
independent variable with a partial R* of 0.58. A 2-parameter model using percent bare
soil and rainfall erosivity had an R* of 0.63, and most accurately predicted the sediment
yields for the validation dataset (RMSE=0.65 log units). The results provide a
quantitative assessment of the different factors controlling post-fire erosion in the

Colorado Front Range, recovery rates over time, and guidance for land managers.

2.2. INTRODUCTION

Wildfires are a natural disturbance in forested ecosystems in the western United
States (e.g., Agee, 1993). In many forests, fire suppression has altered natural fire
patterns and increased fuel densities (Agnew et al., 1997; Kaufman et al., 2000; Kaufman
etal., 2001). As a result, modern wildfires may burn more intensely, leading to higher
burn severities over larger areas than under pre-settlement conditions (Romme et al.,
2003).

Wildfires alter the hydrologic regime by removing vegetation and altering the
chemical (DeBano, 2000) and physical properties of soils (Kilinc, 1968; Wells et al,
1979; Wells, 1981; DeBano et al., 1998). This results in decreased infiltration (Burch et
al., 1989; Robichaud, 2000; Pierson et al., 2001) and increased overland flow (Simanton
et al., 1990; Robichaud and Waldrup, 1994). The incineration of organic matter and fire-
induced alterations to the soil structure results in decreased aggregate stability
(Tiedemann et al., 1979; DeBano et al., 1998).
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The combined effect of rainsplash, increased overland flow, reduced aggregate
stability, and reduced surface roughness can increase soil erosion rates by one or more
orders of magnitude over background levels (e.g., Helvey, 1980; Wells, 1981; Morris and
Moses, 1987; Robichaud et al., 2000; Benavides-Solorio and MacDonald, 2001; Moody
and Martin, 2001a; Benavides-Solorio, 2003). Sedimentation of streams and reservoirs
after wildfire can cause long-term degradation of water quality and aquatic ecosystems
(e.g., Agnew et al., 1997).

Fire severity is an important control on post-fire erosion (e.g., Robichaud and
Waldrup, 1994). Areas burned at high severity have more exposed bare soil (Wells et al.,
1979) and stronger soil water repellency (Huffman et al., 2001) than areas burned at
moderate or low severity. In moderate and low severity areas, the canopy cover remains
at least partially intact and the resulting needlecast helps protect the soil surface and
reduce post-fire erosion rates (Pannkuk and Robichaud, 2003). In the Colorado Front
Range, erosion rates from plots burned at high severity are roughly an order of magnitude
higher than erosion rates at plots burned at either moderate or low severities, and this has
been attributed to the lower amount of ground cover in areas burned at high severity
(Benavides-Solorio and MacDonald, 2005).

Ground cover limits soil erosion by preventing the detachment of soil particles by
rainsplash, reducing overland flow velocities, and creating areas for sediment storage
(e.g., McNabb and Swanson, 1990). The effect of ground cover on erosion rates is well
established on mechanically disturbed soils (e.g., Brown and Norton, 1994), but few data

are available for burned areas. Data on the change in ground cover over time are needed
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to predict post-fire erosion risks over time and design effective post-fire rehabilitation
treatments.

In the Colorado Front Range, post-fire erosion is largely driven by convective
summer thunderstorms (Moody and Martin, 2001b), which are extremely variable over
space and time (Gary, 1975). Rain intensities of 10 mm hr™' can initiate infiltration-
excess overland flow from areas that recently burned at high severity. Beyond this
threshold runoff and sediment yields increase sharply with increasing rainfall intensities
(Moody and Martin 2001a; Kunze, 2003), but the exact relationship between rainfall and
hillslope-scale sediment yields is poorly understood. Of particular concern is whether
erosion rates increase linearly or nonlinearly with increasing rainfall intensities, and how
the effect of a given rainfall varies over time as ground cover increases. Given the
sporadic nature of summer thunderstorms and the spatial variability in sediment yields,
data from multiple fires are needed to assess this relationship.

In 2000 a study was initiated at 48 plots on 6 fires of varying ages in the Colorado
Front Range. Monitoring continued over 2 summers and one winter (Benavides-Solorio,
2003). In 2002 the study was expanded to include 47 plots from four additional fires, and
data collection was continued through 2002 and 2003. This allowed sediment yields at
four fires to be tracked from immediately after burning through hydrologic recovery. The
overall goal was to develop a comprehensive understanding of the processes controlling
hillslope scale post-fire erosion rates. The specific objectives of this study were to: (1)
assess the relative importance of different site variables in controlling post-fire erosion
rates; (2) quantify the reduction in post-fire sediment yields over time; and (3) develop

and test models for predicting post-fire erosion.
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2.3. METHODS

2.3.1. Site Descriptions

Hillslope-scale sediment yields were measured at 7 wildfires and 3 prescribed
fires of varying ages in the Colorado Front Range from summer 2000 through summer
2003 (Table 1, Figure 1). Monitoring began in the first summer after burning at 6 fires.
The remaining 4 fires were 1 to 6 years old at the beginning of the monitoring period
(Table 1). For clarity, fires are also referred to as sites and individual sites within fires
are termed plots. Hence the primary data set consists of results from 31 site years and
255 plot years.

The ten fires were between 2000 and 3500 m a.s.l. in the northern and central
Colorado Front Range (Figure 1). Precipitation generally increases with elevation in the
Colorado Front Range, and the estimated mean annual precipitation for the different
study sites ranges from about 380 to 500 mm yr~' (Hershfield, 1961; Gary 1975; Gary
1985). Precipitation falls mainly as snow in the winter, and as a mix of rain and snow in
the spring and fall. Most of the precipitation in summer (defined here as 1 June to 31
October) comes in the form of short-duration, high-intensity convective rainstorms (Gary
1975).

The primary vegetation type was ponderosa pine (Pinus ponderosa) at lower
elevations and lodgepole pine (Pinus contorta) at higher elevations. On north-facing
slopes at lower elevations Douglas-fir (Pseudotsuga menziesii) was commonly
intermixed with the ponderosa pine. Spruce-fir (Picea-engelmanii-Abies lasiocarpa) was

the primary vegetation type in the relatively high elevation Bear Tracks fire.
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Study plots were stratified into high, moderate, or low severity classes following
the criteria developed by Wells et al. (1979) and applied by the USDA Forest Service
(1995). In high severity plots the surface organic layer of the soil is completely burned
and the color and structure of the mineral soil are physically altered. In moderate severity
plots the organic layer is mostly consumed, but the mineral soil surface is not visibly
altered. In low severity areas the organic layer is only scorched or partially consumed
(USDA, 1995). Most of the study plots were in areas that had burned at high severity

because these areas are of highest concern for post-fire erosion (Table 1).

2.3.2. Sediment Yields

Sediment fences (Robichaud and Brown, 2002) were used to measure sediment
yields from 95 hillslope-scale plots. Forty-two plots were on planar hillslopes and 53
plots were in swales. For this study swales are defined as zero-order catchments with two
converging hillslopes and a central axis. Generally the swales were unchanneled prior to
burning (Libohova, 2004). Typically one fence was built perpendicular to the slope at
each site, but in the larger swales two or three fences were built to increase the sediment
storage capacity and reduce the risk of sediment loss by overtopping (Figure 2).

The sediment fences were constructed by hammering 5-15 pieces of 1-1.2 m long
rebar about 0.5 m into the ground. Silt fence fabric was attached to the rebar and
additional fabric was placed over the ground in front of the fence to facilitate the
identification and removal of the captured sediment. The fences were constructed so that
excess water or sediment flowed over the middle of the fence rather than around the

edges. The eroded sediment was removed from each fence with a 20 L bucket and
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weighed to the nearest 1/4 kg. Fences were emptied each spring at the end of the
snowmelt season and as needed during the summer thunderstorm season. An aggregated
1 kg sample was taken from the collected sediment to determine the gravimetric water
content (Gardner, 1986), and the field-measured sediment weights were corrected for
water content to yield a dry mass. The typical storage capacity of a single fence was
about 1-2 Mg of dry sediment.

To the extent possible, the sediment was collected after individual storm events or
sets of storms at the Bobcat, Hayman, and Schoonover fires. The sediment fences at
most of the older and more remote sites were checked less frequently. Therefore the
most complete data set consists of summer and winter sediment yields, and these were
summed to obtain annual sediment yields for each site. The age of each fire was
calculated to the nearest month for statistical analyses (e.g., a fire that burned in July
would be 0.3 years old by October). For simplicity, the first year after burning refers to
any fire that is less than 1 year old during the summer; the number of years corresponds

to the number of summer rainfall seasons that the fire has experienced since burning.

2.3.3. Site Characteristics

Slopes were measured from the sediment fence to the ridgetop or topographic
divide with a hand-held clinometer, except for twenty plots in the Hayman fire where the
contributing area was surveyed with a total station. The mean slope at all plots was 31%
(s.d.=11%), and the range was from 13% to 82%.

The contributing area at most plots was determined by surveying the perimeter

with either a GPS or a total station, but the contributing areas of eight small plots (~100
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m?) in the Hayman fire were determined by measuring their lengths and widths with a
flexible tape. The mean contributing area at all plots was 1440 m* (s.d.=1390 m?) and the
range was from 40 m” to 6630 m”. The aspect was measured at the center or axis of each
plot with a hand-held compass. Study plots were situated at all aspects, but the overall
mean was 150° (s.d.=107°).

Soil textures ranged from very coarse sands to sandy loams, and soil types ranged
from Typic Argicryolls to Ustic Haplocryalfs (E. Kelly, Colorado State University, pers.

comm., 2002). The primary parent materials were schist, gneiss, and granite (Table 1).

2.3.4. Precipitation

Tipping-bucket rain gages were used to monitor rainfall. Multiple gages were
used in the larger fires so that all plots were within approximately 1 km of a rain gage
(Table 2). The resolution of the rain gages was either 0.20 mm or 0.25 mm, except for
the Green Ridge gage in the Bobcat fire and the Squaw Mountain gage near the Bear
Tracks fire, which had a resolution of 1.0 mm. For 2002 and 2003, the rainfall at the
Bear Tracks fire was determined from the Squaw Mountain rain gage, which is
approximately 15 km northeast of the Bear Tracks site. The Lower Flowers gage, which
was approximately 8 km south of the Hourglass site, was used in place of the Hourglass
gage after the Hourglass gage failed in late summer 2002.

Summer rainfall records were considered complete if the gage was operational for
all but 7 days of the summer rainfall season (defined as 1 June-31 October). Over the four
years of monitoring, 25 rain gages had a complete summer record, while fourteen rain

gages had mechanical failures. In these cases the data from a nearby gage was
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substituted for the missing period of record, or the rainfall and sediment data were
omitted from the analyses. Three rain gages occasionally recorded two tips in the same
second, and these erroneous tips were individually identified and deleted.

Rainfall depth, duration, and maximum 30-minute intensity (I39) were determined
for each storm during the summer rainfall season. Precipitation events were considered
discrete storms if they were separated by at least 60 minutes without any rainfall.
Rainfall erosivities were calculated for each storm greater than 5 mm by multiplying the
maximum I3, times the total kinetic energy (E,,) of the storm (Brown and Foster, 1987;

Renard et al., 1997). E,, (MJ ha™') was calculated for each five-minute interval by:
E, = 029x (1-0.720°%) (1)

where I (mm hr'') is the 5-minute intensity. The total kinetic energy for each storm was
the sum of the E,, values. Multiplying by the maximum I3 yielded the storm erosivity,
and the erosivities for each storm were summed to obtain the total erosivity for each gage

for the period of interest.

2.3.5. Soil Particle-size Analysis

Approximately 50 g of soil was collected from a depth of 0-5 cm at 5-10 locations
within the contributing area of each site. These samples were aggregated, dried
following Gardner (1986), and used to determine the soil texture at each site. The first
step in the soil particle-size analysis was to remove the organic matter from each sample
by heating for 6 hours at 400° C (Cambardella et al., 2001). Particles larger than 2 mm
were separated by sieving and weighed. The particle-size distribution of the fraction

finer than 2 mm was determined with the hydrometer method (Gee and Or, 2002). The
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coarse and fine fraction data were combined to calculate the percent of mass greater than
2 mm, and the size of the 84th, SOth, and 16" percentiles (Dgs, Dso, and Dy, respectively)
(Scott, 2000). The percent of sand, silt, and clay also were used to classify the soil

texture.

2.3.6. Surface Cover

Percent surface cover was determined from point counts within the contributing
area of each plot using a method similar to Parker (1951). The length of the contributing
area from the sediment fence to the ridgetop was measured to estimate the number of
horizontal transects that would be needed to obtain at least 100 sample points. Typically
5-10 equally spaced transects were established, and a flexible tape was laid across the
plot at each transect. Surface cover was classified as bare soil, ash, live vegetation, litter,
woody debris greater than 1 cm in diameter, rock (>5cm), tree, or moss at 1-2 m intervals
from a randomly determined starting point. Percent ground cover was calculated by 100
minus the percent bare soil plus ash.

Surface cover was assessed in mid-summer at each plot in both 2000 and 2001 at
the Bear Tracks, Bobcat, Crosier Mountain, Dadd Bennett, Hourglass, and Lower
Flowers fires. In 2002 surface cover was measured in both the spring and fall for each
plot in these six fires. Only one cover count was conducted in the Big Elk, Hayman,
Hewlett Gulch, and Schoonover fires in 2002 because these plots were established after 1
July. In 2003 ground cover was assessed in the spring and fall at all sites. Spring and fall

cover values were averaged to obtain the summer values used in the statistical analyses.

17



2.3.7. Statistical Analysis

Sediment yields were positively correlated with contributing area at the recent
fires that produced large amounts of sediment. The spatial variability in rainfall
intensities meant that this relationship was strongest for plots in close proximity (Figure
3). Given the dependence of sediment yields on contributing area, the sediment data
were normalized by contributing area for most of the analyses. Mean sediment yields
were calculated as an area-weighted average. Sediment yields were log-transformed to
stabilize the variance and better approximate a normal distribution (Ott and Longnecker,
2001).

One-way ANOVA was used to test for differences in sediment yields, percent
ground cover, and soil texture between fires. Univariate and multivariate regression
analyses were used to assess the relationships between the independent variables and
sediment yields. Twenty-five of the 255 plot years of data were omitted from the
regression models due to overtopped fences or incomplete rainfall records.

The multivariate analysis included 13 independent variables, and a primary model
was developed using Mallow’s best C(p) model selection in the REG procedure in SAS
(SAS Institute, 2001). Interaction terms were added to this primary model based on
known physical interactions. Variables and interaction terms were included if they were
significant at p < 0.05, but each component of a significant interaction term also was
included to maintain a hierarchical framework regardless of their significance (P.
Chapman, Colorado State University, pers. comm., 2004). A series of progressively

simpler models were developed to determine the relative influence of key variables, and
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because simpler models are more likely to be used by researchers and land managers
when detailed site data are not available.

The data set was randomly split in half with one half used to select and
parameterize the models, and the other half used for validation. The fit of each model
was evaluated during calibration and validation by calculating the sum of the squared

errors (SSE) using equation 2 and the root mean square error (RMSE) using equation 3:

SSE = Z (Yobs - Ypred )2 (2)

RMSE = /(Yops = Y prea ) 3)
where Yops 1s the observed log-transformed sediment yield (kg m'z), and Ypreq 1s the
predicted log-transformed sediment yield (kg m™). The standard error of the prediction
(SEP) was calculated for each model by:

Y. - Y o)
SEP - \/[Z( obs pred) ] (4)

n-p

where n is the number of observations and p is the number of parameters (Salas and

Smith, 1999).

2.4. RESULTS

2.4.1. Sediment Yields

Approximately 90-95% of the collected sediment was generated by summer
rainfall events rather than the mix of snowmelt and frontal rainstorms that occur from 1
November to 31 May (Figure 4). An exact separation between rainfall and snowmelt is

impossible because storms in the spring and fall often shift between rain and snow. Field
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observations showed that the rapid melt of a record spring snowfall on the Hayman fire
did not generate any sediment. This suggests that the sediment that accumulated between
November and May was most likely due to rainfall in the spring and fall rather than
snowmelt. Data from the more intensively monitored sites indicate that approximately
two-thirds of the annual sediment yield was generated between 1 July and 31 August.

The high severity plots in the first two years after burning yielded the most
sediment (Figure 5). The mean sediment yield from high severity plots in the first year
after burning was 6.7 Mg ha™' (s.d.=6.6 Mg ha™) and 10.7 Mg ha™' (s.d.=8.0 Mg ha™) in
the second year after burning. The 40% increase in the second year after burning is
largely due to the higher rainfall erosivities in the second summer after burning at the
Bobcat, Schoonover, and Hayman fires, which together represent 57% of the study plots
(Table 2). The first-year sediment yields also are low because 30% of the sediment
fences in the Bobcat fire were overtopped by a large storm event in August 2000, and the
fences on the Hayman fire were not established until after the first one or two moderate-
sized storms. The Hewlett Gulch fire is the main exception to this trend, as the mean
sediment yield dropped from 24.3 Mg ha™ (s.d.=3.8 Mg ha™) in the first year after
burning to only 0.18 Mg ha™ (s.d.=0.056 Mg ha™) in the second year after burning. This
difference is due to much lower rainfall amounts in the second year after burning. For all
high severity plots, there was no significant difference between the sediment yields in the
first and second year after burning (p=0.11).

In areas burned at high severity, sediment yields were highly variable between-
plots in the first two years after burning (Figure 5). Sediment yields exceeded 10 Mg ha™
at 38% of the plots, while 20% of the plots yielded less than 2 Mg ha™. In the larger fires
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the between plot variability often spanned 1-2 orders of magnitude. For example, in the
second year after the Hayman fire sediment yields in the high severity plots ranged from
0.11 Mg ha™ to 25.7 Mg ha™, or a factor of 200. 1In the second year after the Bobcat fire,
the sediment yields from high severity plots ranged from 1.3 Mg ha" to 25.8 Mg ha™, or a
factor of 20. For high severity plots, the median value was 26% lower than the mean in
the first year after burning, and 12% lower than the mean in the second year after
burning.

In the third year after burning the mean sediment yield for high severity plots
dropped significantly to 0.58 Mg ha (s.d.=2.9 Mg ha™), or just 5% of the mean value
from the second year after burning (Figure 5). In the fourth year after burning the mean
sediment yield showed a non-significant increase to 1.6 Mg ha (s.d.=7.4 Mg ha™"). This
increase is due to the fact that sediment yields exceeded 10 Mg ha™ on 3 of the 24 plots
with fourth year data. Two very large storms in 2003 caused one fourth-year plot in the
Bobcat fire to yield 34.3 Mg ha™ yr', which was the highest annual sediment yield
recorded for any plot over the course of this study (Figure 5). The mean sediment yield
for the other 21 plots was only 0.24 Mg ha (s.d.=1.1 Mg ha™"), or about 60% less than
the mean value from the third year after burning. Because a few plots produced most of
the sediment in the third and fourth years after burning, the median sediment yields were
respectively only 14% and 5% of the mean value in these years.

By the fifth year after burning the mean sediment yield from the seven high
severity plots was 0.26 Mg ha™ (s.d=0.44 Mg ha™"), and the maximum sediment yield was
only 1.2 Mg ha™ (Figure 5). From the sixth to the ninth year after burning no plot
produced more than 0.1 Mg ha™', which is the approximate rate of sediment production
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from unburned forested areas in the Colorado Front Range (Gary, 1975; MacDonald and
Stednick, 2003).

Sediment yields from the moderate severity plots were much lower than the high
severity plots (Figures 4, 5). The mean sediment yield for plots burned at moderate
severity in the first year after burning was 1.1 Mg ha™ (s.d.= 1.1 Mg ha™), and this
declined slightly to 0.90 Mg ha™' (s.d.= 1.8 Mg ha™) in the second year after burning.
The mean sediment yields from the moderate severity plots were significantly lower than
the high severity plots in both the first and second years after burning (p<0.001). The
sediment yields from the moderate severity plots also were skewed, but not as much as
the high severity plots as the median sediment production in the first two years after
burning was only 38% of the mean value. Sediment yields from the moderate severity
plots rapidly declined to background levels, as only one of the twenty-six moderate
severity plots had an annual sediment yield greater than 0.1 Mg ha™ by the third year
after burning (Figure 5).

For plots burned at low severity, the mean sediment yield in the first year after
burning was only 0.51 Mg ha™ (s.d.= 0.26 Mg ha™) (Figure 5). However, the sediment
yields from low severity plots were not significantly lower than the moderate severity
plots in either the first or second year after burning. Again the mean values were highly
skewed because one plot yielded 7.0 Mg ha™ and three plots produced 0.6-0.7 Mg ha™ in
the first two years after burning. Over the same period, the mean sediment yield from the
other seven low severity plots was only 0.040 Mg ha™ (s.d.=0.062 Mg ha™). By the third

year after burning, the mean sediment yield from the low severity plots dropped to 0.030
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Mg ha™ (s.d= 0.044 Mg ha'). Only one of the twenty-eight low severity plots more than
two years old exceeded the background sediment production rate of 0.1 Mg ha™.

The three prescribed fires generally produced less sediment than the wildfires,
particularly for the plots that burned at high severity. The mean sediment yield for high
severity plots in the Lower Flowers prescribed fire was 2.2 Mg ha™ (s.d.=2.2 Mg ha™) in
the first two years after burning, or just 24% of the mean value from the comparable plots
in wildfires. By the fourth year after burning the highest sediment yield from a
prescribed fire was only 0.5 Mg ha™, which is only 25% of the fourth-year mean value
for the high severity plots in wildfires. Similarly, the plots burned at moderate severity in
prescribed fires had a mean sediment yield of 0.68 Mg ha™' (s.d.=1.3 Mg ha™) in the first
two years after burning, or about half of the mean value from comparable plots in
wildfires. For plots burned at low severity, there was little difference in sediment yields

between prescribed and wild fires because sediment yields were so low from both.

2.4.2. Precipitation

Summer precipitation was highly variable between years, between fires, and even
within fires. The mean summer rainfall over the four years of monitoring was 162 mm
(s.d.=37 mm) (Table 2). The mean value in 2000 and 2001 was about 10% higher than
the mean for all four years, while the mean value in 2002 was only 126 mm (s.d.=24
mm), or 78% of the overall mean. To some extent the variability between fires reflects
differences in climate, as the Crosier Mountain site consistently had about 30% more
rainfall than the nearby Bobcat fire. In most cases, however, these general tendencies
were masked by the high variability over space and time. At the Bobcat fire in 2001, for
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example, total rainfall varied from 117 mm at the Green Ridge gage to 201 mm at the
Snowtop gage, which was just 3 km west of the Green Ridge gage (Table 2).

Only 10% of the 1706 storms produced more than 5 mm of rain, and less than 4%
of the storms had 10 mm or more of rain (Figure 6a). On average, there were
approximately 9 storms per summer at each gage with 5 or more millimeters of rainfall,
which is generally the minimum amount of rain needed to generate sediment from areas
burned at high severity (Moody and Martin, 2001a; Benavides-Solorio, 2003). The
number and magnitude of storms with at least 5 mm of rainfall were much more variable
than the total summer rainfall. In the Dadd Bennett prescribed fire, for example, there
were only two storms in 2002 with at least 5 mm of rain, but 9 storms in 2003. The
maximum number of storms at least 5 mm of rainfall in one summer was 15 at the Lower
Flowers fire in 2000, and the minimum number was 2.

Only 10% of the storms had a maximum thirty-minute intensity (I3o) greater than
10 mm hr' (Figure 6b), which is the approximate threshold for runoff generation in
burned areas in the Colorado Front Range (Moody and Martin, 2001b; Kunze, 2003). On
average, there were 5 storms per year at each rain gage with a maximum I3, greater than
10 mm hr”', but this number varied from 0 to 12 (Table 2). There were just 21 storms, or
less than 2% of all events, with a maximum Iz, of at least 25 mm hr', Only 5 storms, or
0.5% of all events, had a maximum I3, greater than 40 mm hr', which is approximately a
5-yr storm event in the Colorado Front Range (Hershfield, 1961). The highest I3y was 70
mm hr' at the Dadd Bennett fire in August 2000 (Table 2), and this storm has an

estimated recurrence interval of about 35 years (Hershfield, 1961).
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Rainfall erosivities were even more variable than summer rainfall and maximum
storm I3p. The overall mean summer erosivity was 322 MJ mm ha’! hr'l, and the standard
deviation is nearly as large (294 MJ mm ha™ hr''). The annual mean varied by a factor of
four, from 104 MJ mm ha™ hr' in 2002 to 405 MJ mm ha™ hr' in 2001 (Table 2). The
maximum range for a single fire was from 12 to 1210 MJ mm ha™ hr' at the Bobcat fire,
or a factor of 100 (Table 2).

The total summer erosivity was typically controlled by only one or two large
storms. At the Green Ridge gage in 2003, for example, 77% of the 1210 MJ mm ha™ hr”'
was generated from just two convective storms in mid-June. The localized nature of the
convective storms is evidenced by the fact that in 2003 the Snowtop gage in the Bobcat
fire had a summer erosivity of only 124 MJ mm ha™' hr”', even though this gage was only

3 km from the Green Ridge gage.

2.4.3. Effect of Rainfall on Sediment Yields

The storm-based data from the Hayman fire confirm that sediment production
occurred when there was at least 5 mm of rainfall. However, in the spring and fall many
storms with more than 5 mm of rain did not produce any sediment because they were low
intensity, long duration events. For example, no measurable sediment was produced
from a 5 hour, 14.7 mm rain event at the Hayman fire on 1 October 2002.

The maximum I3, and rainfall erosivity values yielded more consistent thresholds
for sediment production than storm rainfall. In general, sediment production occurred
when the I3 exceeded &-10 mm hr'l, which is similar to the threshold of 10 mm hr’!
identified after the Buffalo Creek (Moody and Martin, 2001b) and Bobcat (Kunze, 2003)
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fires. The 2003 data from the Hayman fire show that storm erosivities of approximately
20 MJ mm ha™' hr”! were sufficient to initiate sediment production. Figure 7 illustrates
this erosivity threshold and the strong dependence of sediment production on storm
erosivity for five storm events on three adjacent study areas in the Hayman fire. At the
Upper Saloon Gulch (USG) South study area, the storm on 25 June 2003 had a rainfall
erosivity of 21 MJ mm ha™ hr' and the mean sediment yield for the three swales in this
study area was 1.1 Mg ha (s.d.=0.82 Mg ha). Rainfall erosivities were less than 10 MJ
mm ha hr'' at the adjacent USG North and USG East rain gages, and there was no
sediment produced from the 13 swales in these two areas. Five other storms at the
Hayman fire in 2003 had rainfall erosivities of 5-15 MJ mm ha hr’', and none of these
produced any sediment.

The data from the more intensively monitored Hayman and Bobcat fires show that
storm-based sediment yields were strongly related to both maximum I3, and rainfall
erosivity. The differences in sediment yields between fires and years means that these
relationships are strongest for individual fires in the first two years after burnings. For
example, rainfall erosivity explains 58% of the variability in sediment yields from swales
in the Hayman fire for 2002 and 2003 (Figure 8), and maximum storm I3, and rainfall
erosivity each explained 57% of the variability in storm-based sediment yields for swales
in the Bobcat fire in 2001.

The exact effect of rainfall on sediment yields for larger storms was difficult to
determine because: (1) there were few large storms at recent fires, and (2) there was
considerable variability in sediment yields between adjacent plots when there was a large
storm. For example, the 9 swales at USG North were separated by less than 0.5 km, but
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sediment yields from the 161 MJ mm ha™ hr”' storm on 11 August 2003 varied by a
factor of four (Figure 8). For this storm the rainfall erosivities at the three gages in the
USG study area varied from 48 to 240 MJ mm ha™ hr”'. Since the rain gages were about
2 km apart, the rainfall erosivity varied by 96 MJ mm ha™ hr' per km. This rate suggests
that the rainfall erosivity across the USG North study area varied by about 20%.
Therefore some of the unexplained variability between plots can be attributed to the

spatial variability of the storm events across a given study area.

2.4.4. Effect of Topographic Convergence on Sediment Yields

At the more recent fires, sediment yields were consistently higher from swales
than planar hillslopes (Figure 8; Chapter 3). In the first 2 years after burning, the mean
annual sediment yield from swales burned at high severity was 11.8 Mg ha™ (s.d. = 7.8
Mg ha™') versus 3.9 Mg ha™' (s.d. =4.6 Mg ha™") from planar hillslopes, and this relatively
large difference was highly significant (p < 0.0001). At the Hayman fire, the sediment
yields from swales tended to increase more rapidly with rainfall erosivity than the
sediment yields from planar hillslopes (Figure 8). An analysis of the data from all high
severity plots less than two years old showed that the swales produced 3.3 times more
sediment per unit of rainfall erosivity than the planar hillslopes.

The difference in sediment yields between swales and planar hillslopes was not
significant for plots burned at moderate and low severity because of the limited sample
sizes and high relative variability in sediment yields. For similar reasons, there was no
significant difference in sediment yields between swales and planar hillslopes for the

plots that were more than 2 years old.
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2.4.5. Soil Texture

The soils in each fire were coarse textured, as all of the plots had between 40%
and 60% sand and less than 5% clay (Figure 9). The percent silt was more variable, as
this ranged from 1% at the Schoonover fire to 35% in the Jug Gulch and Bobcat Gulch
areas of the Bobcat fire. The amount of coarse particles also was highly variable, as
values ranged from 10% to 60% (Figure 9).

The soils derived from granite typically were coarser than the soils derived from
metamorphic rocks. The coarsest soils were the granitic soils in the Hayman and
Schoonover fires, as these had at least 50% gravel and less than 1% clay. The only other
fire with very coarse soils was Hewlett Gulch, where the plots were on very steep talus
slopes and almost 50% of the soil mass consisted of particles larger than 2 mm. Within
the Bobcat fire, the granitic soils in the Green Ridge area were significantly coarser than
the soils in Jug Gulch and Bobcat Gulch (p=0.0008) (Figure 9). The Bobcat fire was the

only fire to exhibit significant variability in soil texture between study areas.

2.4.6. Surface Cover

The amount of surface cover generally decreased with increasing fire severity.
For practical reasons it easier to focus on percent of bare soil, which is 100 minus the
percent cover from all other sources, except for ash. Most of the plots that burned at high
severity had over 90% bare soil in the first year after burning (Table 3). For the moderate
severity plots the mean percent bare soil in the first year after burning was 59%
(s.d.=15%), while the low severity plots had only 30% (s.d =11%) bare soil in the first
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year after burning. For plots less than 2 years old, there was significantly more bare soil
on the high severity plots than the moderate and low severity plots, and the moderate
severity plots had significantly more bare soil than the low severity plots.

The amount of bare soil declines nonlinearly with time since burning (Figure 10).
On the high severity plots vegetative regrowth began within a few weeks after burning,
but by the end of the second summer the mean percent bare soil was still 76% (s.d. =
17%) (Table 3). By the third summer after burning the mean percent soil in the high
severity plots dropped to 37% (s.d.=19%). By five years after burning the mean percent
bare soil in the high severity plots had declined to 18% (s.d.=10%). The data from the
Hourglass fire indicate a continuing but much slower decline in percent bare soil from the
sixth to the tenth year after burning (Figure 10).

Because the low and moderate severity plots had less exposed bare soil
immediately after burning than the high severity plots, these plots approached
background levels much more quickly (Figure 10). The moderate severity plots averaged
just 32% (s.d =13%) bare soil by the second year after burning, and less than 20% bare
soil by the third year after burning (Table 3). The mean percent bare soil was below 20%
at the low severity plots by the second year after burning. Time since burning explains
from 46% to 69% of the variability in percent bare soil when the data are stratified by fire
severity (Figure 10), and the best-fit lines for the three fire severity classes are
significantly different.

Most of the increase in ground cover in the high severity plots was due to
vegetative regrowth. By the fourth year after burning live vegetation provided 54% cover

while litter and needlecast accounted for just 22% of the surface cover. Litter and
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needlecast were much more important in the moderate and low severity plots, as these
provided 38% of the surface cover in the first year after burning. After two years the
ground cover in the plots burned at moderate severity averaged 42% needlecast or litter
and 39% live vegetation. Similarly, after two years the surface cover in the low severity
plots consisted of 41% needlecast or litter and 38% live vegetation.

The rate of vegetative recovery and the corresponding decline in percent bare soil
varied between fires. In general, the plots situated on granitic parent material had the
slowest recovery rates (Table 3). The highest percent bare soil in the second year after
burning was at the Schoonover fire, where the soils are extremely coarse (Figure 9). In
the third year after burning the high severity plots with granitic soils averaged 64% bare
soil as compared to the overall mean of 37%. In the Bobcat Fire, the finer-textured soils
in the Jug Gulch and Bobcat Gulch areas averaged only 20% bare soil in the third year
after burning as compared to 59% for the coarse-textured granitic soils in the Green
Ridge area. The slower regrowth on the plots with coarser-textured soils is consistent

with the poorer water-holding capacity and excessive drainage of these soils.

2.4.7. Effect of Surface Cover on Sediment Yields

The amount of bare soil, or conversely total surface cover, is the primary control
on post-fire erosion over time. When all the data are combined, percent bare soil
explains 64% of the variability in unit area sediment yields (Figure 11). The relationship
between percent bare soil and sediment yields is strongly non-linear as 87% of the total
sediment yield was from plots with more than 60% bare soil (Figure 11). The mean
sediment yield for these plots was 8.6 Mg ha™ yr', but the data were highly variable as
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the standard deviation was 7.5 Mg ha™ yr'' and the range was from 0.077 to 28.3 Mg ha™'
yr''. Sediment yields from plots with 40-60% bare soil had a large range (0.0071-34.3
Mg ha' yr'"), but the mean value was only 3.1 Mg ha™ (s.d.=7.9 Mg ha™). Plots with less
than 36% bare soil generated very little sediment except in two cases when there was an
exceptionally large storm event.

The effects of ground cover on sediment yields can be more specifically
illustrated by comparing sediment yields over time from different areas in the Bobcat fire
(Figure 12). In the first two years after burning the 13 plots burned at high severity
averaged 77% bare soil and the mean sediment yield was 7.6 Mg ha yr' (s.d.=6.4 Mg
ha' yr'"). By the third and fourth years after burning, the mean bare soil had dropped
below 20% in the Bobcat and Jug Gulch study areas and the mean sediment yield
declined to just 0.025 Mg ha™ yr' (s.d.=0.031 Mg ha™ yr''). Vegetative regrowth was
much slower for three of the five plots in the Green Ridge area, as the mean percent bare
soil in the fourth year after burning was still 42% for these three plots versus 19% for the
other two plots. As a result of two large storms (56 mm hr' and 44 mm hr") the mean
annual sediment yield from the three relatively bare plots was 20.6 Mg ha™ (s.d.=15.4 Mg
ha™), and this was about 40 times the value of the two plots with more vegetation. This
shows that plots with around 40% bare soil remain susceptible to high sediment yields
during intense storm events, but very little sediment can be generated from plots with less

than 20% bare soil.
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2.4.8. Multivariate Regression Models

The first multivariate model considered all 13 independent variables but did not
include interaction terms (Table 4). The resulting “primary model” used 8 independent
variables to predict the logarithm of annual sediment production (log kg), and this had a
R? of 0.76 and a root mean square error (RMSE) of 0.64 (Table 5). When the interaction
terms were considered, the best model included six of the same primary variables, two
interaction terms (bare soil*contributing area and bare soil*bare soil), and contributing
area (Table 4). Time since burning and soil D¢ became insignificant. This “interaction
model” had a higher R” at 0.83 and a lower RMSE at 0.54 (Table 5).

Statistically, the R* will increase as more variables are included, but users may
not have data for all of the variables in the complete models, so a key issue is the extent
to which the models become weaker as fewer variables are included. Hence a series of
progressively simpler models (1-4 parameter models) were developed. The best 4-
parameter model included percent bare soil, summer rainfall erosivity, hillslope position,
and soil Dgy, and this had an R* of 0.72 and a RMSE of 0.68, which is only slightly worse
than the primary model (Table 5).

The predictive capability of the models decreased by 4-14% as additional
variables were removed. The 1-parameter bare soil model used only percent bare soil,
but the R? value that was 0.58, or only 25% lower than the interaction model (Table 5).

While the R? decreased and the RMSE increased with progressively simpler
models, there was not a comparable decreased in accuracy when the models were tested
against the validation data. The RMSE for the validation data only varied from 0.65 to
0.73 log units, and the standard error of prediction (SEP) only varied from 0.65 to 0.74
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log units (Table 5). The 3-parameter and 2-parameter models had the best performance
against the validation data with RMSE values of 0.66 and 0.65, respectively.

Plots of the predicted versus observed values for the validation data set show that
each model tended to over-predict low sediment yields and under-predict high sediment
yields (Figure 13). The slopes of the regression lines indicate that this tendency was most
severe in the simpler models, which generally were less accurate predictors of high
sediment yields. The interaction model was the most accurate predictor of high sediment
yields, but both the interaction model and the primary model were not able to accurately
predict low sediment yields. Conversely, the 1- and 2-parameter models were relatively
good at predicting low sediment yields (Figure 13). These trends show that percent bare
soil is the dominant control on sediment yields at plots that are not producing much
sediment, but many site variables affect the amount of sediment from plots that have a
high percentage of bare soil and are more susceptible to high sediment yields.

The final model coefficients and statistics for each model were derived using the
entire data set (n = 225) and the same predictive variables identified in model calibration.
The significance and partial R? of each predictive variable illustrate the relative
importance of percent bare soil compared to all of the other variables (Table 6). In each
case percent bare soil had a partial R* of 0.58, and none of the other variables had a
partial R* greater than 0.07. In the primary model, rainfall erosivity and the categorical
variable of hillslope position were the second and third most important variables,
although each had a partial R* of only 0.05. Other variables such as the soil Dg4, average
130, and time since burning were significant variables in either the primary or interaction
model, but in each case the partial R? was less than 0.02 (Table 6). Aspect and soil Dy

33



were significant variables in the primary model during the initial model calibration, but
these two variables were insignificant when the entire data set was used for model
development (Table 6). Hence the primary model could be simplified by removing these
two variables, but they are retained in Table 6 in order to maintain consistency with the

model developed during calibration.

2.5. DISCUSSION

2.5.1. Rainfall Recurrence Intervals and Sediment Yields

Summer rainfall during the study period (2000-2003) was generally lower than
the long-term average, but storm intensities were fairly representative of historic means
in the Colorado Front Range. From 2000-2003 the mean summer rainfall at the
Cheesman Reservoir and Drake, CO weather stations were only 76% and 70% of their
historic averages, respectively (NOAA, 2004). At the same time, the mean annual
maximum I at all fires was 25 mm hr™', which is equivalent to the 1-year 30-minute
storm in the Colorado Front Range (Hershfield, 1961). The mean summer rainfall
erosivities recorded during the four-year monitoring period also were roughly equal to the
average annual rainfall erosivity of 340 MJ mm ha hr”' (Renard et al., 1997). Three
storms exceeded the 10-year, 30-minute storm of 50-55 mm hr”' (Hershfield, 1961), but
none of these occurred on a high severity fire that was less than 2 years old. The highest
I39 on a recent high severity fire was 40 mm hr'!, and this has a recurrence interval of

about 5 years.
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Similarly, the highest rainfall erosivities occurred on the older fires. Annual
erosivities in the first and second summers after burning were below the estimated long-
term mean at most of the primary study sites, including the Bobcat, Hayman, and
Schoonover fires (Table 2) (Renard et al., 1997). The only recent fire with above-average
rainfall erosivities in the first and second summer after burning was the Big Elk fire.
Unfortunately accurate sediment yield data are not available from this fire because the
sediment fences were overtopped at two of the three high severity plots.

This lack of very large storms, when coupled with the high spatial variability in
sediment yields, makes it difficult to accurately determine the relationship between
sediment yields and rainfall intensity for different amounts of surface cover. The data
from this and other studies suggest a strongly non-linear relationship between rainfall
intensity and sediment yields, particularly for the largest storms. Two months after the
Buffalo Creek fire there was a rainstorm with a maximum I3 of 80 mm hr'l, which has a
recurrence interval of approximately 100 years. The hillslope sediment yields from this
event were estimated to be 40-70 Mg ha™ (Moody and Martin, 2001a). In the second
summer after burning a storm on the Hayman fire had an I of 40 mm hr'l, or half the
intensity of the 1996 storm on Buffalo Creek. The mean sediment yield from this event
was 11.3 Mg ha™', or just one-quarter of the estimated sediment yield at Buffalo Creek.

Most of the study plots were subjected only to storms with average intensities and
erosivities, and this means that the measured sediment yields are representative of typical
conditions in the Colorado Front Range. Therefore, the models developed in this study
are best used to predict sediment yields from average rainfall conditions. More extreme

storms generate much larger sediment yields, but the paucity of large storm events on
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recent high severity fires limits the accuracy of such predictions. The wide range of
potential sediment yields means that future post-fire erosion models ideally should be

probabilistic rather than deterministic.

2.5.2. Interactions Between Soils, Vegetation, and Sediment Yields

Under unburned conditions the ground cover on coarse, granitic soils is primarily
needlecast and litter rather than live vegetation. In summer 2001 ground cover was
measured on 23 plots that were later burned by the Hayman fire, and prior to the fire
these plots had 88% ground cover. Two-thirds of this ground cover was needlecast and
woody debris, 24% was live vegetation, and only 10% was bare soil (Libohova, 2004).
The low percentage of live vegetation can be attributed to the deficit in summer rainfall
relative to potential evapotranspiration, and the low water holding capacity of the coarse-
textured soils (Moore, 1992). The low clay content also results in low nutrient storage
capacity (Hillel, 1998).

Sediment yields on these plots were negligible prior to the Hayman fire
(Libohova, 2004) because the needlecast and surface litter protect the soil surface and
reduce overland flow velocities (e.g., McNabb and Swanson, 1990). Ponderosa pine
needles, which are prevalent in the Colorado Front Range, create small debris dams and
are particularly effective in reducing rill erosion (Pannkuk and Robichaud, 2003). The
lack of rills or other erosional features confirms that there is little surface erosion on
unburned hillslopes in the Colorado Front Range. Storms with exceptionally high rainfall
intensities may initiate overland flow on unburned soils, but the large amount of litter and

needlecast will help minimize surface erosion.
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After a high severity fire live vegetation and surface litter are lacking and
hillslope-scale sediment yields average 5-10 Mg ha™' yr''. On finer-textured soils, such as
those derived from gneiss and schist, vegetative re-growth is rapid and sediment yields
decline to near background levels by the third summer after burning. On the coarser
granitic soils, high sediment yields may persist for up to 5 years because vegetative
regrowth is slower and there often are no nearby sources of surface litter, which is the

principle source of ground cover under unburned conditions.

2.5.3. Analysis of the Multivariate Regression Models

The multivariate models showed that fire severity and time since burning had low
partial R” values, even though these are very important controls on post-fire erosion
(Morris and Moses, 1987; Inbar et al., 1998; Robichaud et al., 2000; Moody and Martin,
2001; Benavides-Solorio and MacDonald, 2001). The low partial R? values can be
attributed to the fact that both of these variables are closely related to percent bare soil
(Figure 10). If percent bare soil is excluded from the primary model, time since burning
becomes the most important variable with a partial R? of 0.33, but the overall model R
drops from 0.76 to 0.66.

Rainfall erosivity was the second most important variable in the models, but a
partial R? of 0.05 indicates that rainfall erosivity had relatively little influence relative to
bare soil. At older fires rainfall erosivity is of little consequence because the high
percentage of ground cover limits erosion regardless of storm energy. Even at fires less
than two years old, however, rainfall erosivity explained just 8% of the variability in

annual sediment yields. Total summer erosivity may have limited predictive power
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because the total erosivity from several small rain events may equal the erosivity value
from one large storm, but the sediment production from the large storm probably will be
much greater than the total sediment production from the smaller storms. As such, it is
difficult to accurately characterize rainfall energy over an entire summer period.

Contributing area was an insignificant variable in the primary model because the
older plots produced negligible amounts of sediment regardless of size. In the interaction
model, contributing area was significant but had a negative coefficient, indicating that
total sediment yields decreased with increasing contributing area. This counterintuitive
result is probably due to the fact that many of the older plots, particularly those at the
Hourglass fire, were quite large. Figure 3 clearly shows that when other factors are
relatively constant, sediment yields from recently burned plots are strongly related to
contributing area. A multivariate model for high severity plots less than two years old
indicated that contributing area was the most important variable, and this had a partial R*
of 0.32.

Plot slope was insignificant in the multivariate models even though slope is an
important factor in most erosion models (Renard et al., 1997). Slope was the second
most important variable when a model was developed for the high severity plots less than
two years old, but the coefficient was negative. This negative correlation is partly due to
the fact that swale slope tended to decrease as contributing area increased (R*=0.05), and
the largest swales had the highest sediment yields. The role of slope also may be limited
because the slope at most plots ranged from only 20% to 40%. Within this range of
values, slope may not be an important control on post-fire sediment yields because the

lack of surface roughness allows for relatively high overland flow velocities regardless of
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slope. The low soil aggregate stability also implies that shear strength is easily overcome
in these highly erodible soils (e.g., Hillel, 1998).

Soil texture had a greater effect on sediment yields than slope. Both the soil Dg4
and soil D¢ were negatively and significantly related to sediment yields in the primary
and interaction models. Finer-textured soils are expected to be more erodible because
less shear stress is required to detach smaller particles (e.g., Elliot and Laflen, 1993). The
relatively low partial R values for the Dgg and D16 (Table 6) may be due to the fact that
all of the plots had relatively coarse soils (Figure 9).

A closer analysis of the modeling results indicates that only a few data points
controlled the strength of some variables. Aspect is a prime example, as this variable was
significant with the calibration dataset but was insignificant in the entire dataset.
Removing 10 data points at random caused aspect to become insignificant, and average
I3 to become significant. Even more important variables such as rainfall erosivity and
hillslope position could become insignificant by randomly removing data points. For
example, randomly removing 20 of the 117 data points from the calibration data set
caused the partial R? values for rainfall erosivity to vary from less than 0.01 to 0.12. The
same exercise showed that the partial R? values for percent bare soil fluctuated between
0.45 and 0.70.

The results show that the multivariate models can be sensitive to the calibration dataset,
but percent bare soil is the dominant control on post-fire sediment yields over time.
Percent bare soil is particularly useful because it can be readily quantified by field
measurements or remote sensing techniques (Miller et al., 2003). Since the simpler

models were nearly as accurate as the more complex models, land managers can simply
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use percent bare soil to obtain first-order estimates of post-fire sediment yields. The 2-
parameter model may be the most useful model because it can be used to estimate the

potential range of sediment yields for a given range of rainfall erosivity values.

2.5.4. Effect of Measurement Scale on Sediment Yields

Sediment yields generally decline with increasing catchment size due to increased
areas of deposition and storage (e.g., Walling, 1983). However, data from different post-
fire studies in the Colorado Front Range suggest that unit-area sediment yields may
increase from the plot to the catchment scale. In the second summer after the Hayman
fire, the mean sediment yield was 3.6 Mg ha™' from 80 mm hr™' of applied rainfall on 1 m*
plots (Hughes, in prep.). At the hillslope plots, a 41 mm hr™' rain event, or about 50% of
the rainfall intensity applied on the small plots, resulted in a mean sediment yield of 11
Mg ha™, or three times the value from the plot scale. If all of the second-year data from
the Hayman fire are normalized by area and rainfall intensity, the hillslope-scale
sediment yields were three times higher than the sediment yields from the rainfall
simulations.

Unit-area sediment yields from a 2.9 and a 4.6 ha catchment on the Hayman fire
were higher than the hillslope-scale values. A storm with 22 mm of precipitation and a
maximum I39 of 28.4 mm hr”' generated a mean sediment yield of 18 Mg ha™ (J.
Wagenbrenner, USFS, unpublished data). At the hillslope scale, the sediment yields from
storms with similar rainfall intensities produced less than 10 Mg ha™'. In 2003 these
small catchments produced approximately five times more sediment per unit of rainfall
intensity than the hillslope plots and 13 times more sediment than the 1 m* plots. An 80
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mm hr' rain event that is comparable to the rainfall applied on the 1 m* plots generated
estimated sediment yields of at least 120 Mg ha™ from two 4-7 ha catchments after the
1996 Buffalo Creek fire (Moody and Martin, 2001b), or 30-40 times the value measured
from the small plots.

The increase in erosion rates from the plot to the hillslope scale may be attributed
to a change in erosion process. On the 1 m’ plots, sheetwash is the dominant erosion
processes (Benavides-Solorio, 2003). At the hillslope scale, the concentration of
overland flow in convergent areas induces rill erosion in the swale axes. Intensive
surveys in the Hayman and Schoonover fires indicate that about 80% of the sediment
yield from swales can be attributed to rill incision in the swale axes (Chapter 3). Incision
in convergent zones remains the dominant erosion process at the small catchment and
watershed scale, but with increasing scale the channels are larger and larger volumes of
sediment can be eroded. Moody and Martin (2001a) estimated that approximately 80%
of the eroded sediment from the two 4-7 ha catchments was generated from channel and
gully incision, and only 20% was attributed to rill and sheetwash erosion on the
hillslopes.

The lack of a decline in unit-area sediment yields from 1 m” to 7 ha is consistent
with field observations at the Hayman fire. Sediment deposition on hillslopes and in low-
order channels was minimal due to the relatively steep slopes and lack of roughness
elements to slow overland flow and trap sediment. Aggradation was evident in the
higher-order channels in the Hayman fire, and this shift from incision to deposition is
probably controlled by channel slope (Moody and Martin, 2001a). At larger scales unit-

area sediment yields probably decline because of deposition in the lower gradient
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downstream channels and the summer convective storms are limited in area and generally

do not extend across larger catchments.

2.6. CONCLUSIONS

Sediment yields were measured over 1-4 years from 95 plots in seven wild and
three prescribed fires in the Colorado Front Range. Over 90% of the annual sediment
yield was generated between 1 June and 31 October, and the majority of this sediment
resulted from high-intensity convective thunderstorms in July and August. Sediment
production was typically generated from storms with more than 5 mm of total rainfall,
rainfall intensities of at least 10 mm hr', and rainfall erosivities greater than 20 MJ mm
ha” hr''. On average there were about five storms per summer that exceeded these
thresholds for sediment production, but this number may be low because the study period
was dry compared to the long-term average.

The high severity plots at recent fires yielded the most sediment with a mean
value of 8.8 Mg ha™' yr'!, or about two orders of magnitude higher than the estimated
background rate. Variability in the amount and intensity of the summer rain events led to
large differences in sediment yields between recent high severity plots (s.d.=7.6 Mg ha™
yr'). Topographic convergence was another source of variability in the first two years
after burning, as the swales produced about three times more sediment per unit area than
the planar hillslopes.

The mean sediment yield from high severity plots dropped by an order of
magnitude from the second to third year after burning. Over 70% of the plots produced

lass than 0.2 Mg ha™ in the third and fourth year after burning. Very little sediment was
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produced at any plot by the fifth year after burning, indicating that post-fire erosion rates
returned to near-background levels in no more than five years.

The increase in ground cover was the dominant control on post-fire sediment
yields. During the first two years after burning vegetative re-growth was slow and had
little effect on sediment production. By the third year after burning approximately half of
the plots had less than 40% bare soil, and sediment yields were virtually eliminated when
the percent bare soil dropped below 35-40%. The recovery of ground vegetation was
slower and sediment yields remained high on plots that had coarser soils.

The moderate and low severity plots yielded much less sediment than the high
severity plots, and the recovery rates also were much more rapid. These results indicate
that prescribed fires should minimize the amount of area that is burned at high severity,
and that future post-fire rehabilitation should focus on treatments that immediately
increase the amount of ground cover.

The most complete multivariate models explained 76%-83% of the variability in
sediment yields and included 7 and 9 parameters, respectively. Progressively simpler
models explained less of the variability, although a two-parameter model that included
percent bare soil and rainfall erosivity still explained 63% of the variability in sediment
yields. This two-parameter model best predicted the validation data set with a RMSE of
0.65. These models can be used by researchers and management agencies for predicting

post-fire sediment yields in the Colorado Front Range.
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Table 1. Characteristics of the ten fires monitored in this study. Year of monitoring relates to the age of the fire on 31
October; year O is the year in which the fire burned. *Indicates a prescribed fire.

Number of sediment fences by severity

Years Primary parent Primary

Fire Date burned monitored material vegetation type High Moderate Low Total
Big Elk August 2002 0.0-1.2 Gneiss/schist  Lodgepole pine 3 2 1 6
Hayman June 2002 0.0-1.3 Granite Ponderosa pine 31 1 0 32
Schoonover May 2002 0.1-1.4 Granite Ponderosa pine 6 0 0 6
Hewlett Gulch April 2002 0.2-1.2 Gneiss/schist  Ponderosa pine 3 0 0 3
Bobcat June 2000 0.0-3.3 Schist/granite  Ponderosa pine 13 2 1 16
Dadd Bennett* January 2000 0.4-3.8 Gneiss Ponderosa pine 0 3 2 5
Lower Flowers* November 1999 0.6-3.9 Gneiss Ponderosa pine 4 4 2 10
Crosier Mountain*  September 1998 0.5-5.1 Granite Lodgepole Pine 4 1 0 5
Bear Tracks June 1998 2.0-5.3 Granite Subalpine fir 3 0 2 5
Hourglass July 1994 5.9-9.3 Schist Lodgepole pine 5 1 1 7

Total 72 14 9 95
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Table 2. Total rainfall, number of storms, rainfall intensities, and rainfall erosivities from 1 June to 31 October for each rain gage from 2000 to 2003.

Values in bold indicate a complete summer record. - indicates no data.

Number of events with I, Mean I, (mm hr) for Total erosivity

Total rain (mm) >10 mm hr! Maximum Iy, (mm hr™') storms > 5 mm (MJ mm ha™ hr')
Fire Rain gage 2000 2001 2002 2003 2000 2001 2002 2003 2000 2001 2002 2003 2000 2001 2002 2003 2000 2001 2002 2003
Big Elk Big Elk - - - 229 - - 9 - - - 35 - - - 15 - - - 586
Hayman Brush Creek - - 131 154 - - 3 8 - - 24 19 - - 11 11 - - 141 259
USG South - 57 144 152 - 3 3 7 - 12 19 33 - 9 8 11 - 52 198 231
USG North - - 77 152 - - 1 6 - - 10 34 - 6 14 - - 25 349
USG East - - - 70 - - - 3 - - - 41 - - - 19 - - - 308
Schoonover Schoonover - - 85 138 - - 1 7 - - 18 23 - - 7 13 - - 59 241
Hewlett Gulch Hewlett Gulch - - 112 92 - - 2 1 - - 27 12 - - 7 8 - - 164 40
Bobcat Snowtop 150 201 116 119 7 8 2 3 18 26 13 22 13 14 7 12 220 303 55 124
Galuchie 129 179 132 141 1 6 2 5 18 27 13 34 13 12 7 14 193 271 71 375
Green Ridge 115 117 114 194 1 5 4 6 12 18 14 56 7 11 9 23 63 137 116 1210
Dadd Bennett Mom Gulch 173 172 99 183 3 4 0 6 71 33 8 40 14 11 8 16 812 369 12 469
Lower Flowers Lower Flowers 219 177 126 151 6 5 4 3 22 61 25 22 9 18 11 14 226 891 220 108
Crosier Mountain ~ Crosier 159 252 168 213 3 12 5 6 13 27 16 100 6 17 10 28 90 608 149 -
Hourglass Hourglass 171 168 56 76 4 5 4 2 19 24 17 15 10 12 14 12 144 253 84 65
Mean 181 181 7 7 4 6 3 5 31 31 15 36 10 14 9 16 318 405 104 397
S.D. 26 40 3 3 1 3 2 2 27 14 6 23 3 3 2 5 33 259 74 341
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Table 3. Mean percent bare soil for high severity plots in each fire by year since burning. Standard deviations are shown in
parentheses. *Indicates sets of data within the Bobcat fire. *Indicates plots on granitic soil. — indicates no data.

Years since burning

Site 0-1.0  1.0-20 2.0-3.0 3.0-40 4050 5.0-6.0 6070 7.0-80 8.0-9.0 9.0-10.0
Big Elk 87(3) 8205 - - _ ] ; _ _ ]
Hayman” 90 (8) 84(9) - - ; - ; _ _ ]
Schoonover” 93(2) 87(Q) - - ; - ; _ _ ]
Hewlett 62(9) 46 (13) - - ; ; ; ] ] ]

Jug Gulch and

Bobcat Gulch* 92(5) 57(10) 29(13) 12(9) - - - - - -
Green Ridge*# 93(5) 70(2) 52(12) 35(15) - - - - - -
Lower Flowers 62(2) 41@) 19(13) 18(6) - - - - - -

. . #
Crosier Mountain

- 48(8) 17(8) 15(7) 14(8)
Bear Tracks” - - 68(4) 41(2) 34(6) 23(4) - - - ;

Hourglass - - - - - - 27(14) 2009 14(5) 11(6)
Mean 86 (13) 76 (17) 37(19) 21 (14 26(11) 19(7) 27(14) 2009) 145 11(6)




Table 4. List of the independent variables and the variables selected for each model. * indicates a discrete variable.

[4Y

Variables Selected

Primary Interaction 4-parameter 3-parameter 2-parameter 1-parameter
Independent variables model model model model model model
Bare soil (%) X X X X X X
Rainfall erosivity (MJ mm ha hr'l) X X X X X
Hillslope position* (swales or planar) X X X X
Soil Dgy (mm) X X X
Soil D5, (mm)
Soil D¢ (mm) X
Contributing area (mz) X

Fire severity*
Time since burning (years)
Summer rainfall (mm)

Average I3, (mm hr'l) X X
Aspect (degrees) X X
Slope (%)

Bare soil * Contributing area X

Bare soil * Erosivity
Bare soil * Erosivity* Contributing area
Bare soil * Bare soil X



Table 5. Calibration and validation statistics for the models developed to predict
the logarithm of annual sediment production. RMSE is the root mean square

error and SEP is the standard error of prediction.

Calibration Validation
Model R? RMSE RMSE SEP
Primary model 0.76 0.64 0.71 0.74
Interaction model 0.83 0.54 0.70 0.73
4-parameter model 0.72 0.68 0.73 0.75
3-parameter model 0.68 0.71 0.66 0.67
2-parameter model 0.63 0.76 0.65 0.65
1-parameter model 0.58 0.81 0.73 0.74
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Table 6. Model coefficients and statistics derived from the entire data set (n=225).

Primary Model Interaction Model
Parameter Parameter
Variable estimate p-value Partial R? Variable estimate p-value Partial R?
Intercept 0.83627 0.0023 -- Intercept -0.02813 0.9182 --
Bare soil (%) 0.02678 <.0001 0.58 Bare soil (%) 0.04338 <.0001 0.58
Rainfall erosivity (MJ mm ha'hr')  0.00111 <.0001 0.05 Bare soil * Contributing area 0.00000566  <.0001 0.07
Hillslope position (swales, planar) -0.52469 <.0001 0.05 Bare soil * Bare soil -0.00021162 0.0005 0.07
Soil Dg, (mm) -0.02511 0.0299 0.04 Rainfall erosivity (MJ mm ha'hr')  0.00109 <.0001 0.04
Average I3, (mm hr"l) 0.01678 0.0072 0.01 Aspect (degrees) 0.0008241 0.0339 0.02
Time since burning (years) -0.08811 0.0017 0.01 Average I3, (mm hr'') 0.01503 0.0017 0.01
Aspect (degrees) 0.00038711  0.3377 0.01 Hillslope position (swales, planar) -0.30172 0.0021 0.01
Soil D4 (mm) -0.47342 0.4683 0.01 Soil Dg, (mm) -0.03895 <.0001 0.01
Contributing area (ha) -1.3731 0.015 0.01
4-Parameter Model 3-Parameter Model
Parameter Parameter
Variable estimate p-value Partial R’ Variable estimate p-value Partial R’
Intercept 0.61243 0.003 -- Intercept 0.27335 0.1315 --
Bare soil (%) 0.03093 <.0001 0.58 Bare soil (%) 0.03056 <.0001 0.58
Rainfall erosivity (MJ mm ha™! hr"l) 0.00133 <.0001 0.05 Rainfall erosivity (MJ mm ha™! hr"l) 0.00135 <.0001 0.05
Hillslope position (swales, planar) -0.4916 <.0001 0.05 Hillslope position (swales, planar) -0.40751 <.0001 0.05
Soil Dg, (mm) -0.03367 0.001 0.04
2-Parameter Model 1-Parameter Model
Parameter Parameter
Variable estimate p-value Partial R’ Variable estimate p-value Partial R’
Intercept -0.40067 <.0001 -- Intercept -0.03124 0.7173 --
Bare soil (%) 0.03208 <.0001 0.58 Bare soil (%) 0.03184 <.0001 0.58
Rainfall erosivity (MJ mm ha™! hr"l) 0.00127 <.0001 0.05



Bobcat

Schoonover

Figure 1. Location of the ten fires monitored in this study.
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Figure 2. Two sediment fences in a swale in the Hayman fire. The lower fence is
designed to capture any sediment that spills over the upper fence. Total storage capacity
is about 2 Mg of wet sediment. The 20-L bucket in the upper fence is on the fabric apron
laid in front of each fence.
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Figure 3. Relationship between contributing area and sediment yields in 2003 for the 15
plots on the north side of the Hayman fire.
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regression lines are significantly different at p=0.01.
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3. HILLSLOPE AND RILL EROSION AFTER HIGH SEVERITY WILDFIRES,
COLORADO FRONT RANGE

3.1. ABSTRACT

In the Colorado Front Range, hillslope-scale sediment yields can increase by two
or more orders of magnitude after fire, but little is known about the dominant erosion
processes or key sediment source areas on hillslopes. An important issue for land
managers and designing post-fire treatments is whether most of the sediment is being
eroded off hillslopes by sheetwash, or from convergent areas by rill incision. The two
primary objectives of this study were to: (1) compare sediment yields from planar and
convergent hillslopes (“swales”); and (2) determine the proportion of the swale sediment
yields that can be attributed to rill incision in the swale axes. Sediment fences were used
to measure sediment yields for either two or three years from 26 swales and 11 planar
hillslopes that had burned at high severity in June 2002. Rill incision was measured after
each storm in 14 swales. The incision rates were then compared to the sediment collected
in the fences to determine the proportion of sediment derived from rill erosion.

The mean annual sediment yield during the three years of monitoring was 9.3 Mg
ha™ for the swales and only 2.7 Mg ha™ for the planar hillslopes. On average, the
estimated rill erosion in the swale axes accounted for 60% to 80% of the sediment
collected in the sediment fences. Although rill incision rates were variable within and

between swales, there was a strong relationship between the changes in rill incision and
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the product of local slope and contributing area. These results indicate that the majority
of sediment was derived from localized convergent zones that occupy less than 1% of the
contributing area. This suggests that post-fire rehabilitation treatments must be designed

to reduce rill incision if they are to successfully reduce hillslope-scale sediment yields.

3.2. INTRODUCTION

3.2.1. Background and Objectives

The large increases in soil erosion rates after high severity wildfires have been
attributed to the breakdown of soil aggregates, loss of ground cover, decrease in
infiltration, and increase in overland flow (Helvey, 1980; Moses, 1982; Morris and
Moses, 1987; Inbar et al., 1998; Pierson et al., 2001; Prosser and Williams, 1998;
Robichaud et al., 2000; Benavides-Solorio and MacDonald, 2001; Moody and Martin,
2001a). In the Colorado Front Range fire suppression has increased ponderosa pine
densities, thereby increasing the likelihood of high severity fires (Brown et al., 1999;
Kaufmann et al., 2000; Huckaby et al., 2001; Romme et al., 2003). Post-fire erosion and
sedimentation are a growing concern in much of the western United States due to
expanding human populations and the adverse effects on water quality, infrastructure,
and aquatic habitat (e.g., Agnew et al., 1997; Kunze, 2003).

Forested ecosystems in the Colorado Front Range are particularly susceptible to
high post-fire erosion rates because of the frequency and intensity of summer
thunderstorms. Rainfall intensities of only 10 mm hr™' can initiate infiltration-excess
overland flow on severely burned hillslopes, and recent studies indicate that there are

typically about 5 to 10 storms per summer that exceed this threshold (Chapter 2). Runoff
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rates increase non-linearly with increasing storm magnitude, and the high runoff rates can
cause severe rilling and channel erosion (Moody and Martin, 2001b; Kunze, 2003). After
the 1996 Buffalo Creek fire, for example, unit-area runoff rates were estimated to reach
24 m® s km™ as a result of a storm with a peak intensity of 90 mm hr! (Moody and
Martin, 2001b).

The initial mechanisms for detaching and transporting soil particles on hillslopes
are rainsplash and sheetwash (e.g., Knighton, 1998). The downslope accumulation and
concentration of overland flow causes a shift in erosion processes from sheetwash to rill
and gully erosion (e.g., Julien, 1995). Several studies in the Colorado Front Range have
shown that the high surface runoff rates after high severity fires, when coupled with soil
water repellency and the lack of vegetation, leads to concentrated overland flow and the
incision of small channels or rills in previously unchannelled swales (Libohova, 2004;
Moody and Martin, 2001b). These rills appear to have a large affect on hillslope-scale
erosion rates, as unit-area sediment yields are 2-3 times higher from swales than planar
hillslopes (Benavides-Solorio and MacDonald, 2005; Chapter 2). However, it is unclear
whether the rills are a primary source of sediment, or just an efficient pathway for
transporting the sediment generated by rainsplash and sheetwash down into the higher-
order channels.

On cultivated hillslopes rill erosion has been shown to be the dominant source of
sediment (Foster et al., 1984; Goevers and Poesen, 1988; Whiting et al., 2001; Valcarel
et. al., 2003). Rills that form in topographically convergent areas generate much more

sediment than rills that form on planar hillslopes because of the increased shear stress
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resulting from the concentration of overland flow (Slattery et al., 1994; Davidson and
Harrison, 1995).

Predicting rill erosion is difficult because cross-sectional areas and longitudinal
profiles commonly are irregular, and this results in non-uniform flow velocities, depths,
slopes, and shear stresses (Foster et al., 1984). Particle detachment, D; (g m?s™), occurs
when the shear stress (1) exceeds the minimum stress at which detachment occurs (Tcrit)
(Foster and Meyer, 1972; Elliot and Laflen, 1993). Quantitatively,

D, =K (T “Terit) (1)
where K, (s m™") is the rill erodibility factor. t (Pa) is defined as:

T1=ARS 2
where A is the specific weight of water (g m™ s), R is the hydraulic radius (m), and S (m
m’") is the slope of the energy grade line. The slope of the energy grade line is
commonly approximated by the channel slope (Knighton, 1998). 1. is considered very
small on slopes over 30% because a thin layer of overland flow is capable of detaching
soil particles (e.g., Pannkuk and Robichaud, 2003). After wildfires T is further reduced
due to the decline in soil aggregate stability and the loss of litter, woody debris, and live
vegetative cover.

Unit stream power (Q2) also can be used to predict rill erosion (Nearing et al.,
1997), as the formula to calculate Q simply replaces the hydraulic radius term in equation
2 with discharge per unit channel width, q (m” s™):

O =2gS 3)
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where Q isin W m™. A flume study on burned soils found that unit stream power was a
better predictor of rill erosion than the shear stress equation (eq. 1) (Pannkuk and
Robichaud, 2003).

Runoff should accumulate proportionally with area if rainfall intensity and
infiltration are constant across a hillslope. Therefore contributing area can be used in
place of either the hydraulic radius (R) or unit discharge (q). Similarly, contributing area
times local slope is a surrogate for shear stress or unit stream power, and this can be used
for predicting rill erosion. It follows that a model with slope*area can be used to predict
post-fire sediment yields at the hillslope-scale if rill erosion in convergent zones is the
dominant erosional process.

The objectives of this study were to: (1) compare sediment yields from planar and
convergent hillslopes (“swales”); (2) measure rill erosion rates in swale axes; (3) compare
the mass of sediment from rill erosion to the measured sediment yields; and (4) develop
empirical models for predicting rill erosion rates from rainfall and site characteristics.
The goal was to determine whether the majority of eroded sediment from burned
hillslopes is derived from rill erosion in convergent areas, or by a combination of
rainsplash and sheetwash across the entire hillslope. This information can be used to
better understand hillslope erosion processes after burning, improve physically-based

post-fire erosion models, and help design effective post-fire rehabilitation treatments.

3.2.2. Study Areas
Sediment yields were measured for the first three years after burning at two

wildfires in the central Colorado Front Range (Figure 1). The Schoonover fire burned
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1500 ha approximately 2 km southeast of Deckers, Colorado, in May 2002, and the
Schoonover study area was in the northeastern portion of this fire. The Hayman fire
burned over 55,000 ha in June 2002, and the Hayman study area was in the northeast
corner of the fire approximately 10 km north of the Schoonover fire. The study sites in
both fires were burned at high severity according to the criteria developed by Wells et al.
(1979) and applied by the USDA Forest Service (1995). Prior to the fires ponderosa pine
(Pinus ponderosa) was the dominant vegetation type.

The parent material is Precambrian granite that is part of the Pikes Peak batholith.
The granite is heavily weathered due to multiple cycles of uplift and erosion. The most
recent uplift and exposure was approximately 40 to 72 million years ago (Kent and
Parker, 1980). Soils at both fires are poorly aggregated, coarse gravelly sandy loams
ranging from Typic Ustorthents on south-facing slopes to Typic Cryorthents on north-
facing slopes (Moore, 1992; Welter, 1995). The soils are typically 10-50 cm deep and
very susceptible to water erosion if the surface cover is removed (Gary, 1975; Moore,

1992).

3.3. METHODS

3.3.1. Site Descriptions

Sediment yields were measured from 11 planar hillslopes (Figure 2a) and 26
convergent hillslopes or swales (Figure 2b) that were unchanneled prior to burning
(Libohova, 2004). The 11 planar hillslopes and 20 of the 26 swales were in the Hayman
fire; the remaining 6 swales were in the Schoonover fire (Table 1). Measurements began

in July 2002 on 13 of the swales in the Hayman fire and all 6 swales in the Schoonover
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fire. The other 7 swales and 11 planar hillslopes were established in spring 2003. In this
chapter a plot refers to a single swale or planar hillslope. The plots in the Hayman fire
were grouped around 4 tipping bucket rain gages, and the term study site is used to refer
to one of these groups of plots. The six swales at the Schoonover fire comprise just one

study site as these were located around one recording rain gage.

3.3.2. Precipitation

The first tipping bucket rain gage in the Hayman fire was installed in June 2002,
and three more were added in May 2003. The rain gage in the Schoonover fire was
installed in June 2002. The resolution of the rain gages was either 0.20 mm or 0.25 mm.

Precipitation events were considered discrete storms if they were separated by at
least 60 minutes with no rain. The depth, duration, and maximum 30-minute intensity
(Is0) were determined for each storm during the summer rainfall season (1 June-31
October). Rainfall erosivities were calculated for each storm greater than 5 mm by
multiplying the maximum I3, times the total kinetic energy (X E,,) of the storm (Renard et
al., 1997). The total kinetic energy was determined by dividing the storm into five-
minute intervals, calculating the E,, (MJ ha™) for each five-minute interval (I5) using

equation 5, and summing the E,, values (Renard et al., 1997):

E, = 029x (1- 07200 (5)

The total summer erosivity was the sum of the calculated erosivity values for each storm

larger than 5 mm.
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3.3.3. Sediment Fences

Sediment fences (Robichaud and Brown, 2002) were used to trap the sediment
eroded from each hillslope (Figure 2). The sediment fences were installed in either mid-
summer 2002 or spring 2003, and sediment yields were measured through October 2004.
The sediment fences were constructed by attaching 1-2 m wide geotextile fabric to 1.2
cm diameter rebar that was hammered about 0.5 m into the ground
(http://www.fs.fed.us/insititute/middle east/platte pics/ silt fence.htm). Two or three
fences were used in the larger swales to increase the storage capacity and detention time,
and thereby minimize the loss of sediment due to over-topping. The eroded sediment
was manually removed after sediment-producing rain events and weighed to the nearest
1/4 kg. Subsamples of the eroded sediment were collected, aggregated, weighed, dried,
and weighed again in order to determine gravimetric water content (Gardner, 1986). The
sediment weights measured in the field were corrected by the measured water content to
obtain a dry mass.

The contributing area above most of the sediment fences was determined by
surveying the perimeter with either a Leica total station or a Trimble hand-held GPS unit.
The contributing areas of the seven smallest plots (< 100 m?) were determined by
measuring the length and width with a tape measure. The mean contributing area of the
swales was 1837 m* (s.d.=1543 m?), and the range was from 110 to 6500 m? (Table 1).
The planar hillslopes had a mean contributing area of 91 m” (s.d.=52 m?) and a range of
35 m”to 220 m®. The contributing areas of the planar plots were necessarily smaller to
minimize lateral convergence and because these plots were purposefully situated at

varying distances from a sharp ridge-top. More specifically, three sets of three planar
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plots were established at 10, 20, and 30 m from the ridge-top, respectively; one of these
sets also included plots that extended 40 and 50 m from the ridge-top, respectively.

The average slope from the sediment fence to the drainage divide was measured
with a clinometer or a total station. The mean slope of the planar plots was 36%
(s.d.=6.3%), and the range was from 24% to 45%. The mean slope of the swale axes was

26% (s.d.=6.6%), and the range was from 18% to 41% (Table 1).

3.3.4. Rill Incision

The change in rill cross-sectional area is termed “rill incision”, which includes
both the downcutting and widening of a rill. Rill incision rates were measured in 11
swales at the Hayman fire and 3 swales at the Schoonover fire using 4-12 cross-sections
in the axis of each swale. Measurements were made from July 2002 to October 2004
(Table 1). The uppermost cross-sections were near the top of the swale where 2-5
smaller hillslope rills converged to form a larger, central rill in the swale axis. The
lowest cross-section was placed near the sediment fence, but just above the pond that
formed behind the sediment fence during storms. The other cross-sections typically were
2-10 m apart and placed to represent the variations in slope and rill morphology.

At each cross-section an aluminum pin frame was placed on top of permanent
rebar, and the depth in millimeters was measured at each of 22 pins spaced 5 cm apart
(Figure 3). Cross-section measurements began in July 2002 on 6 swales in the Hayman
fire and 3 swales in the Schoonover fire. In the Hayman fire there was at least one
sediment-producing storm before the cross-sections were established, but there was no

evidence of any surface runoff or rill incision at the Schoonover fire prior to the
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establishment of the cross-sections and sediment fences. In May 2003, 24 more cross-
sections were established in 5 swales in the Hayman fire.

Rill incision was measured for seven storms at both the Hayman and Schoonover
fires. In each case the change in cross-sectional area was due to a single rainstorm except
for the final measurements in 2003, which represent the combined effect of at least two
sediment-producing rainstorms. A set of rill measurements also were made after spring
snowmelt in late May or early June of each year, but there was little cross-sectional
change over the winter. Hence the spring measurements were used as the baseline for the
subsequent summer rainstorm season.

Rill incision rates were multiplied by the length between successive cross-sections
to calculate the volume of eroded sediment. For these calculations the sediment fence
was used as the lowermost boundary, and uppermost boundary was where the central rill
split into multiple hillslope rills. The calculated volumes from each rill segment were
summed and multiplied by the mean soil bulk density to obtain the mass of sediment
eroded from the central rill in each swale.

Soil bulk density was determined by taking five 310 cm® core samples from the
central rill in each swale. These samples were dried and weighed, and the mean bulk
density was calculated for each swale. There was surprisingly little variability between
samples. The overall mean bulk density was 1.43 g cm™ (s.d.=0.09 g cm™) in the
Hayman fire and 1.39 g cm™ (5.d.=0.07 g cm™) in the Schoonover fire (Table 1). The
calculated mass of sediment eroded from each rill was summed for all swales, and then

divided by the total amount of sediment collected from the sediment fences to determine
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the proportion of the measured sediment yield that can be attributed to rill incision for
each storm event.

A digital elevation model (DEM) was created for 10 swales from detailed
topographic surveys using a total station. The horizontal resolution of the DEMs was
about 1 m and the vertical accuracy was approximately 0.02-0.05 m. The DEMs were
used to determine the contributing area at each cross-section using the flow accumulation
routine in ArcGIS (ESRI, 2004). The local slope at each of these cross-sections was
measured directly with a 1-m long digital level. The storm precipitation variables,
contributing area, local slope, and slope-area product were used as independent variables
when developing a multivariate model for predicting rill incision at each cross-section.
The regression analysis using slope and contributing area was limited to the 10 swales
with topographic survey data.

Most of the swale sideslopes and approximately 40% of the planar plots had
smaller, less-defined rills. These “hillslope rills” generally were much smaller than the
central rill in the swale axes, and their location was not as clearly defined by the
topography. The length, width, and depth of hillslope rills were measured in six swales
and 4 planar hillslopes at the end of summer 2004. The six swales were chosen because
they had large differences in their respective unit-area sediment yields, and the four
planar hillslopes were chosen because these were the only planar plots with clearly-

defined rills.
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3.3.5. Ground Cover

The percent cover within the contributing area of each plot was measured using a
systematic point count (Parker, 1951). The point count was conducted by classifying the
surface cover at a minimum of 100 equally spaced points along 2-6 equally spaced
transects across the contributing area. The cover classes were bare soil, ash, live
vegetation, litter, woody debris (>1 cm diameter), rock (>5 cm diameter), tree, and moss.
Ground cover was assessed once in July 2002 and in the spring and fall of 2003 and

2004.

3.3.6. Statistical Analysis

Sediment yields generally are presented in mass per unit area due to the strong
relationship between sediment yields and contributing area (Chapter 2). Mean sediment
yields were weighted by contributing area so that the smaller plots did not have a
disproportionate influence. One-way ANOVA was used to test for statistical differences
in sediment yields between fires, years, and topographic location (i.e., swales vs. planar
hillslopes). Differences were considered significant at oo = 0.05. Regression coefficients

were determined using the REG procedure in SAS (2001).

3.4. RESULTS

3.4.1. Precipitation
In 2002 there was only one large and one small sediment-producing storm at each

fire (Table 2). Total rainfall was only 103 mm at the Hayman fire and 85 mm at the
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Schoonover fire (Table 2). In 2003 there were four sediment-producing storms at the
Hayman fire and six at the Schoonover fire. Total rainfall was at least 50% higher than in
2002. In 2004 total rainfall was 20-40% higher than in 2003, but there were only four
sediment-producing events in the Hayman fire and two at the Schoonover fire. Long-
term data from Cheesman Reservoir indicates that summer rainfall relative to the historic
average was 56% lower in 2002, 28% lower in 2003, and 3% lower in 2004 (NOAA,
2004).

The sediment producing storms all occurred between 10 June and 9 September,
and these generally were convective thunderstorms. The localized nature of the storms
caused considerable spatial variability in rainfall amounts and intensities. The four rain
gages in the Upper Saloon Gulch (USG) study sites in the Hayman fire were separated by
less than 2 km, but rainfall intensities and erosivities typically varied by a factor of two or
more between rain gages. For example, in 2003 the largest rainstorm had a maximum I3
of 40.8 mm hr™' at the study site on the east side of USG (USG East). At USG South the
maximum I3y was only 13.7 mm hr'! for the same storm (Figure 4a). The rainfall
erosivities for this event differed by up to a factor of six between the different rain gages
(Figure 4b).

The rainstorms in the Hayman fire were typically larger and more intense than the
storms in the Schoonover fire. In 2003 and 2004 the highest I3y at the Hayman fire was
41 mm hr'' and 42 mm hr, respectively. By comparison, the highest I3, at the
Schoonover fire was 22.3 mm hr' in 2003 and 33.5 mm hr’' in 2004 (Table 2). In terms

of historic rainfall intensities in the central Colorado Front Range, a maximum I3, of 25
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mm hr'! has a 2-year recurrence interval, while a maximum I3y of 40 mm hr! has about a
S-year recurrence interval (Hershfield, 1961).

Summer erosivity values followed the same patterns over time and between fires
as total rainfall and I3, but the differences between years and sites were proportionally
larger (Table 2). Summer erosivity values ranged from 59 MJ mm ha™ hr' at the
Schoonover fire in 2002 to 590 MJ mm ha™ hr' at the Hayman fire in 2004. Rainfall
erosivities were highly variable within the Hayman fire, as in 2004 rainfall erosivities
ranged from 348 MJ mm ha™ hr'' at USG South to 590 MJ mm ha™ hr™' at the Brush
Creek study site. Relative to the long-term mean (Renard et al., 1997), the mean summer
erosivity from all of the study sites was 66% below average in 2002, 10% below average

in 2003, and 26% above average in 2004.

3.4.2. Sediment Yields

The annual sediment yields from the swales were strongly related to both the
contributing area (R?=0.40; p<0.0001) and slope length (R*=0.38; p=0.0001). Since the
swales were much larger and produced much more sediment than the planar plots, the
sediment yield data were normalized by contributing area to facilitate comparisons
between plots, study sites, and fires.

Over 95% of the eroded sediment was generated from summer rainstorms
between 1 June and 31 October (Chapter 2). Winter snowmelt produced virtually no
sediment, as the rate of snowmelt was likely too slow to initiate infiltration-excess
overland flow. In the first three summers after burning a rainfall intensity of 8-10 mm hr’

! or a rainfall erosivity of about 20 MJ mm ha™ hr' was sufficient to generate overland
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flow and surface erosion (Table 2). This threshold of 8-10 mm hr' is similar to those
identified after the Buffalo Creek (Moody and Martin, 2001b) and Bobcat (Kunze, 2003)
fires.

Most of the annual sediment yield was usually generated from just one or two
large storms (Table 2). In 2002 about 90% of the total sediment yield at the Hayman fire
was generated by an 11-mm storm, and 96% of the total sediment yield at the Schoonover
fire was generated by a 9-mm storm. In 2003 about half of the total sediment yield at
each fire was generated by one storm. In 2004, one storm generated over 95% of the
sediment yield at the Schoonover plots, while in the Hayman fire four storms produced
almost equal amounts of sediment (Table 2).

Sediment yields were highly variable between years, particularly at the
Schoonover fire. The lowest annual sediment yield at both fires was in 2002 because the
plots were not established until the middle of the summer and there were no large storms
(Table 2). The highest mean annual sediment yields were in 2003 when the swales in the
Hayman fire produced 10.8 Mg ha™ (s.d.=6.3 Mg ha™') and the swales in the Schoonover
fire produced 16.7 Mg ha™' (s.d.=6.4 Mg ha™). Mean sediment yields in 2004 were
lower than in 2003 despite the increase in rainfall and total erosivity (Table 2).

Although the rainfall intensities and erosivities were lower at the Schoonover fire
than at the Hayman fire, the mean sediment yield for the swales was 38% higher at
Schoonover than at Hayman in 2003, and 15% higher in 2004 (Table 2). The high
variability in sediment yields between swales meant that these differences were not

significant in either year.
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Annual sediment yields per unit area were 3-5 times higher from the swales than
the planar hillslopes, and this difference was significant in both 2003 and 2004 (Table 2).
On a storm-by-storm basis, the mean sediment yields from swales were 1.4 to 14 times
higher than the mean sediment yields from the planar hillslopes (Table 2). The
differences in sediment yields between planar hillslopes and swales were significant for
each of the 8 sediment-producing storms in 2003 and 2004.

The between-plot variability in sediment yields was much greater for the planar
hillslopes than the swales, as five of the planar plots produced most of the sediment while
the remaining six planar plots produced very little sediment. Hence the coefficient of
variation (CV) of the sediment yields from the planar hillslopes exceeded 100% in both
2003 and 2004 (Table 2). For example, in 2004 the mean annual sediment yield from the
five highest yielding planar plots was 7.2 Mg ha™' (s.d.=6.5 Mg ha™), or about 50 times
the mean sediment yield from the remaining six plots (0.014 Mg ha™;s.d.=0.013 Mg ha"
Y. In contrast, the CV of the sediment yields from swales was 48% in 2003 and 64% in
2004. The minimum annual sediment yield for a swale was at least 3.0 Mg ha™ in both
2003 and 2004.

In contrast to the swales, the unit area sediment yields from the planar hillslopes
were not consistently related to contributing area (R*=0.0002; p=0.95) or slope length
(R?=0.003; p=0.80). The planar plots that were 20 and 30 m long had the highest unit
area sediment yields, while the lowest sediment yields per unit area were from the plots
that were 40 and 50 m long (Figure 5). Sediment yields from the 10 m long plots were

intermediate.
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3.4.3. Controls on Sediment Yields

After normalizing by contributing area, the storm-based sediment yields were
most strongly related to rainfall intensity and rainfall erosivity. Rainfall erosivity
explains 60% of the variability in storm-based sediment yields for the swales in the
Hayman fire in 2002 and 2003 (Figure 6). Unit area sediment yields were also
significantly related to the maximum I, but this relationship was slightly weaker
(R?=0.51). For the Schoonover plots, rainfall erosivity explained just 17% of the storm-
based variability in sediment yields. The poorer relationship for the Schoonover swales
may be partly due to the fact that some swales were up to 1 km from the rain gage, so the
rain gage may not have accurately characterized the rainfall at all plots. For the planar
hillslopes, rainfall erosivity explained only 1% of the storm-based variability in sediment
yields.

The spatial variability in storm rainfall resulted in a correspondingly high
variability in storm-based sediment yields (Table 2). For example, the rainfall erosivity
for the large storm on 11 August 2003 was 241 MJ mm ha™ hr' at USG East (Figure 4),
and the mean sediment yield from the four swales in this study site was 10.7 Mg ha™ (s.d
2.5 Mg ha™). The erosivity for the same storm at USG South was 80% lower, and the
mean sediment yield from the 3 swales in this study site was only 11% of the mean value
from the swales at USG East (1.2 Mg ha™';s.d.=1.6 Mg ha™).

In the third summer after burning sediment yields were slightly lower despite
higher rainfall erosivities (Table 2). This decline can be attributed to vegetative re-
growth, as the annual sediment yields from the swales are significantly related to percent

bare soil after normalizing for contributing area and rainfall erosivity (Figure 7). Other
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studies with a wider range of ground cover have shown that ground cover is the dominant

control on post-fire erosion rates (Chapter 2; Benavides-Solorio and MacDonald, 2005).

3.4.4. Rill Incision

Rills formed in the central axis of each swale, on most swale sideslopes, and on
four of the eleven planar hillslope plots. The so-called “hillslope rills” that formed on the
swale sideslopes and planar hillslopes were typically about 5 m long and had cross-
sectional areas of less than 50 cm”. Although these rills were not as topographically
confined as the rills in the central axes, they did not exhibit much lateral migration. Once
formed, both the swale axes rills and hillslope rills persisted over the duration of the
study.

The rills in the swale axes generally began within 10 to 30 m of the ridge-top. A
few of swales had relatively wide and flat ridge-tops, and in these swales the central rill
in the swale axis might form up to 100 meters from the ridge-top. The average length of
the central rills was 59 m (s.d.=32 m), and the range was from 23 m to 127 m. Because
storm runoff flowed over the sediment fences, these central rills usually continued for
several hundred meters downslope, and eventually flowed into a lower-gradient
depositional reach.

Over the study period net incision occurred in 92 of the 94 cross-sections. The
mean incision rate over the entire monitoring period was 0.032 m” (s.d.=0.021 m?), and
the range was from —0.018 m” (negative values indicate net aggradation) to 0.12 m*.
Minor amounts of overbank and channel deposition were observed in approximately 5%

of the cross-sections. Incision rates generally increased in the downstream direction, and
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each of the two cross-sections that aggraded slightly over the monitoring period were
close to the top of a rill where incision rates were lowest. Net erosion occurred at all
cross-sections with a contributing area of at least 100 m”.

The increases in cross-sectional area occurred through a combination of
downcutting and widening. At the end of the study there was a weak inverse relationship
between contributing area and the rill width-to-depth ratio (Figure 8). The preponderance
of vertical incision relative to widening implies that the rills became more confined as
cross-sectional area increased.

Incision rates were highly variable between cross-sections, and sometimes varied
by a factor of 2 or more between adjacent cross-sections. For example, the net incision at
cross-section 2 in swale 17 in the Hayman fire was 0.024 m? (Figure 9a), or half of the
measured value at cross-section 3 (Figure 9b). At some cross-sections much of the total
increase in cross-sectional area occurred during a single storm. At cross-section 3 in
swale 17, for example, 58% of the total incision occurred as a result of the 17 mm storm
on 11 August 2003 (Figure 9b). The rate of incision was more constant between storms
at cross-section 5, which was further downslope in swale 17 (Figure 9c). Cross-section 5
had the highest net incision rate of 0.074 m”.

The highest incision rates often occurred as a result of the storms with the highest
I3 s and rainfall erosivities, but this was not always the case. At USG East, for example,
the largest storm of the monitoring period (11 August 2003) caused the highest storm-
based incision rates at 21 of the 29 cross-sections. However, the largest storm at USG
North and in the Schoonover fire produced the highest incision rates at less than 20% of

the cross-sections. Given the wide variability in incision rates, there was only a weak
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relationship between incision rates and rainfall erosivity (R2=0.06) or I3 (R2=0.06) when
all the data were pooled.

Incision rates were most strongly related to topographic variables such as
contributing area and slope. Contributing area explained 26% of the variability in rill
incision between May 2003 and September 2004. Univariate analysis showed that local
slope explained only 4% of the change in cross-sectional area, but contributing area times
local slope explained 64% of the variability in rill incision (Figure 10).

The relative importance of contributing area and slope varied with contributing
area. For cross-sections with a contributing area of at least 500 m? local slope explained
30% of the total change in cross-sectional area while contributing area explained just 2%
of the total change. The implication is that contributing area is the most important
control on rill incision rates across the entire data set, but local slope becomes a more
important factor in the larger swales. For example, the highest incision rate was 0.12 m?,
and this cross-section had a contributing area of 2460 m” and a relatively high local slope
of 32%. The next cross-section was 7 m downslope and this had a local slope of only
24%, and the net incision was 0.08 rnz, or 50% less. The two cross-sections with the
largest contributing areas (>4000 m?) had local slopes of only 11% and 8%, respectively,
and the net incision at each was less than 0.05 m”.

Slope and contributing area were much poorer predictors of incision rates at the
cross-sections with contributing areas less than 500 m?. In these cross-sections no more
than 8% of the variability in incision rates could be explained by contributing area, local

slope, or slope*area.
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Minor aggradation occurred over each winter in about half of the cross-sections.
The mean winter aggradation rate was 0.0014 m”yr' (s.d.=0.0092), or just 3% of the
mean incision rate. This aggradation was probably due to rill sideslope failures because
10-20% of all cross-sections became up to 10 cm wider and 5 cm shallower over the
winter. In contrast to un-vegetated badlands (Schumm, 1956), this winter aggradation

was not sufficient to completely fill in the rills.

3.4.5. Relationship Between Rill Incision and Sediment Yields

The calculated mass of rill erosion in the swale axes can account for most of the
sediment captured in the sediment fences. In the Hayman fire, the calculated rill erosion
was equal to 76% of the sediment yields measured from the swales, and rill erosion from
the swales in the Schoonover fire could account for 63% of the measured sediment yields
(Table 3; Figure 11).

For individual storm events, the ratio of the calculated rill erosion to the measured
sediment yield varied from 0.38 to 1.59 for the swales in the Hayman fire; and 0.38 to
0.96 for the swales in the Schoonover fire (Table 3). At the Hayman fire, the ratio of rill
erosion to sediment yields was substantially higher for the first one or two storms in each
summer than the subsequent storms (Table 3). At the Schoonover fire the first storm in
2003 did have the highest ratio, but this was not true in 2004. Ratios were much more
consistent at the Schoonover fire, as the values for 6 of the 7 storms ranged between 0.61
and 0.96.

The relative contribution of rill erosion tended to decrease as sediment yields

increased. At the Hayman fire, rill erosion was equal to 89% of the sediment yield when

88



sediment yields were less than 1000 kg. But when sediment yields exceeded 1000 kg, rill
erosion could only account for 63% of the sediment yield. At the Schoonover fire, rill
incision accounted for only 55% of the 5100 kg that was measured in swale 4 during the
large storm on28 June 2004.

Although the ratio of rill erosion to sediment yields varied by storm and between
swales, most comparisons show that rill erosion was the key control on sediment yields.
For example, sediment yields from three adjacent swales in the middle Saloon Gulch
(MSGQG) study site varied by a factor of three, but a detailed survey suggests that the
observed differences in sediment yields are directly proportional to the differences in rill
densities among these three swales (Table 4; Figure 12

The rill surveys on the planar plots further support the view that rill erosion is the
principal source of sediment. In September 2004, hillslope rills were evident on four of
the five planar plots that produced more than 1.0 Mg ha™'yr'. There was no evidence of
rilling on the other six planar plots, and sediment yields from each of these plots were
less than 0.5 Mg ha™ yr'. Sediment yields on the four planar plots with rills were
strongly correlated with total rill area (R*=0.57), and unit area sediment yields were
strongly correlated with rill density (R*=0.57).

When the data from the 6 swales and 4 planar plots that were surveyed are
combined, sediment yields from 2003 to 2004 are strongly related to total rill area (Figure
13a). Similarly, the unit area sediment yields from 2003 to 2004 are strongly related to
the measured rill density (Figure 13b). The sediment yields from the swales generally
were much higher than the sediment yields from the planar hillslopes, and this can be

explained by their higher percentage of rill area and higher rill densities. However, the
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two planar plots with the highest rill densities had unit-area sediment yields that were

similar to the swales (Figure 13b).

3.5. DISCUSSION

3.5.1. Importance of Rill Erosion

Prior to the burning, the swales in the Hayman fire showed no evidence of
overland flow, a central rill, or surface erosion (Libohova, 2004). The first rainstorms
generated overland flow and a central rill was formed in each swale. The rills were
connected to higher-order channels further downslope, indicating that the fire extended
the channel network onto previously unchanelled hillslopes and greatly increased channel
density.

The lack of deposition in the cross-sections indicates that the central rills were
highly efficient at transporting the eroded sediment. The high efficiency can be attributed
to the relatively steep slopes and lack of roughness elements, such as vegetation, to slow
runoff and trap sediment. There also was very little deposition in the overbank areas
adjacent to each rill. Sediment delivery ratios were not directly measured, but the results
indicate that the vast majority of the sediment that was eroded from the central rills was
delivered to the sediment fences. In the absence of a sediment fence, the eroded sediment
would have been transported downslope to lower-gradient, higher-order channels.

Field observations indicate that rill erosion rates remained high in the steep, low-
order channels downslope of the sediment fences. Studies after the 1996 Buffalo Creek

fire indicated that approximately 80% of the sediment eroded from a 4 ha and 7 ha basin
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was derived from channel incision, and the majority of sediment came from 3" and 4™
order channels (Moody and Martin, 2001a). The central rills in this study would have
been considered a first order or small second order channel in the Buffalo Creek study (J.
Moody, USGS, 2004, pers. comm.). Therefore higher incision rates, and potentially unit-
area sediment yields, may have been generated downslope of the sediment fences,
provided the slopes remained high. Considerable aggradation was observed in lower-
gradient, higher-order channels, and the transition between incision and deposition is
believed to be controlled primarily by channel gradient (Moody and Martin, 2001a).
After the Buffalo Creek fire the amount of sediment derived from rill and
sheetwash erosion was minimal, and these sources were roughly equal during a 100-yr
storm that had a peak rainfall intensity of about 90 mm hr”' (Moody and Martin 2001a).
The implication is that the very high channel incision rates in the 3 and 4™ order
channels overwhelmed any increase in sheetwash and rill erosion during this very large
storm event. These results are not entirely consistent with the results of the present study,
as Figure 11 shows a general decrease in the ratio of rill erosion to sediment yields as
sediment yields (or storm size) increased. This suggests that proportionally more
sediment is generated from sheetwash erosion during the larger storms, and rill erosion is

a progressively less important source of sediment.

3.5.2. Controls on Rill Initiation
Rill initiation in the swale axes was controlled by slope, contributing area, and
topographic convergence. Because the rills were connected to higher-order channels, the

top of each rill can be viewed as a channel initiation point. When the slope of the swale
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axis was at least 15%, a contributing area of less than 100 m* often was sufficient to
initiate a rill. Defining a slope-area threshold for rill initiation was difficult because of
the variability in the amount of topographic convergence at the top of each swale.
Nevertheless, it is clear that the channel initiation threshold was greatly reduced by
burning since the swales were unchannelled immediately prior to burning. In western
Oregon, channel initiation in unburned catchments requires a contributing area of roughly
10,000 m” at slopes of 15-30% (Montgomery and Dietrich, 1992).

The location and initiation point of the rills on the planar plots and swale
sideslopes are much harder to predict. These hillslope rills appeared to form at almost
random points on relatively planar hillslopes, so contributing area and local slope may
not be useful indicators of where these rills may develop. Small topographic anomalies
may be an important control on rill initiation, as this would affect flow accumulation and
direction. Local variability in burn severity, soil depth, and soil water repellency are
other possible controls, as each of these will influence infiltration, runoff rates, and local
shear stress (e.g., Robichaud and Waldrup, 1994; Benavides-Solorio and MacDonald,

2001).

3.5.3. Rill Morphology

The first one or two sediment-producing events of each summer generally had the
highest ratios of rill erosion to measured sediment yields (Table 3). This suggests that the
sediment that was deposited in the bottom of the rill over the winter was easily detached
and transported by the first major rainstorm. The lower ratios later in the summer suggest

that rill erosion may have been reduced by armoring. However, sediment supply did not
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appear to be a limiting factor because most cross-sections continued to erode and bedrock
was exposed in less than five percent of the cross-sections. This would suggest that
sediment yields are limited by some combination of the critical shear stress and the
transport capacity rather than sediment supply.

Twenty to twenty-five years would be needed to fill the rills given the mean
winter aggradation rate of 0.0014 m’ yr'' and the mean summer incision rate of 0.032 m’
yr'. Ninety years would be necessary to fill the highest incision rate of 0.12 m>. The
historic fire recurrence interval in the central Colorado Front Range is approximately 50
years, but the recurrence interval of high severity fires is probably more than 100 years
(Romme et al., 2003). Since most erosion occurs following high severity fires (Chapter
2), the rills will probably fill in before the next high severity fire. The lack of rills prior
to the Hayman and Schoonover fires further supports the assertion that the rills are likely
to fill in before the next high severity fire (Libohova, 2004).

Given the infilling rates and the lack of erosional features on the swales before the
Hayman fire, the effects of post-fire erosion on hillslopes do not appear to persist in time.
However, the sediment eroded from the hillslopes remains in the low gradient channels
for time periods that exceed the natural fire recurrence intervals (Moody and Martin,
2001a). Therefore, at the watershed scale, post-fire erosion appears to affect long-term

landscape evolution patterns.

3.5.4. Soil Texture and Erosion Processes
The sediment production rates from the planar hillslopes in the Hayman fire were

very low compared to most other sites in the Colorado Front Range that have been
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burned at high severity. The mean annual sediment yield from planar hillslopes in the
first two years after the Bobcat fire was 4.9 Mg ha (s.d =5.3 Mg ha™"), or 80% more than
the planar hillslopes in the Hayman fire (p=0.07) (Benavides-Solorio, 2003; Chapter 2).
Since the total rainfall erosivity was 40% higher in the Hayman fire than the Bobcat fire
the true difference in sediment yields is probably even larger. In contrast, a comparison
of the mean sediment yields from swales in the Bobcat and Hayman fires showed no
significant difference (p=0.59).

The higher sediment yield from the planar plots in the Bobcat fire may be
attributed to the finer soil texture and greater susceptibility to sheetwash erosion. In the
case of the swales, the lack of a significant difference in sediment yields may be due to a
difference in topography, as the study areas in the Hayman and Schoonover fires are
much more dissected than the study areas in the Bobcat fire. The swales in the Hayman
fire tend to have steeper sideslopes and more sharply defined axes than the swales in the
Bobcat fire. The greater topographic convergence and steeper slopes will help
concentrate the overland flow and increase the shear stress in the swale axes. The higher
shear stress may compensate for the coarser soils in the Hayman fire, and result in
comparable sediment yields. On the planar hillslopes there is less concentrated runoff
and less capability to transport the larger particles, so sediment yields will be lower in

areas with coarse-textured soils, such as the Hayman and Schoonover fires.

3.5.5. Mitigating Post-fire Erosion
Post-fire rehabilitation treatments are often implemented after high severity fires

to minimize erosion and reduce risk to downstream resources (Robichaud et al., 2000).
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Rehabilitation efforts after the Hayman fire included scarification and seeding, contour-
felling, and different types of mulch (Robichaud et al., 2003). Straw mulch was the most
effective treatment in reducing erosion (Wagenbrenner et al., in press; D. Rough, CSU,
unpublished data). Eleven rill cross-sections were installed in two swales that were
treated with straw mulch in the Hayman fire. On average these cross-sections incised by
just 0.006 m? from 2002 to 2004, or 20% of the mean value for the untreated swales in
the Hayman fire.

Much of the straw mulch was transported from sideslopes into the swale axes.
This resultant increase in surface roughness reduced overland flow velocities and rill
incision rates. The largest storms produced only small amounts of fine sediment in the
sediment fences. The coarser particles tended to be trapped in the rill behind small piles
of mulch. In one case this sediment caused a net aggradation of 0.07 m?, which is more
than double the mean incision rate from the untreated swales.

The results from this study indicate that large amounts of sediment are eroded
from the axes of convergent hillslopes or swales. It is relatively easy to predict the
location of the central rill because swale axes are obvious landscape features, which
represent less than 1% of the total hillslope area. A post-fire rehabilitation treatment such
as straw mulching is successful because the mulch protects the soil surface, reduces
rainsplash and sheetwash erosion on planar hillslopes, and lowers flow velocities and

reduces rill erosion in swale axes.
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3.6. CONCLUSIONS

Virtually all of the sediment was generated from short-duration, high-intensity
summer thunderstorms that were highly variable in space and time. Little sediment was
produced until rainfall intensities exceeded 10 mm hr™', or rainfall erosivities exceeded 20
MJ mm ha™ hr'. The largest storm events yielded most of the sediment, as 60% of the
sediment produced over the three-year study was generated from just 5 storms.

Mean sediment yields from convergent hillslopes or swales were 13.3 Mg ha™ yr’
! or 3.7 times higher than the mean sediment yield from planar hillslopes. Sediment
yields on planar hillslopes were essentially bimodal because the mean sediment yield
from five of the eleven planar plots was 6.0 Mg ha™ yr' (s.d.=5.7 mg ha™), while the
remaining six plots yielded only 0.18 Mg ha™ yr'! (s.d.=0.19 mg ha™). In comparison,
each of the swales produced at least 3.0 Mg ha'yr.

Rills formed in the axes of the swales during the first runoff event and continued
to incise and widen over first three summers after burning. Cross-section measurements
indicate that rill erosion in the swale axes can account for about 60-80% of the sediment
captured in the sediment fences. On planar plots, sediment yields were strongly related to
rill density (R*=0.50). This suggests that rill erosion is the dominant erosion process on
burned hillslopes in the Colorado Front Range. Net incision at individual cross-sections
varied from -0.018 to 0.12 m?, and 64% of this variability was explained by contributing
area times local slope. This is consistent with other erosion studies, as contributing area
is a surrogate for the amount of runoff and local slope controls the amount of energy

available to detach and transport sediment.
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The rills that contribute much of the eroded sediment after wildfires occur in well-
defined, localized convergent zones that occupy less than 1% of the total hillslope area.
To be effective, post-fire rehabilitation treatments need to reduce erosion in these
convergent zones, and this can best be done by minimizing the amount, concentration,
and velocity of overland flow. Straw mulch is particularly effective in reducing post-fire
erosion rates because it increases surface roughness in the swale axes, and this reduces

overland flow velocities and limits rill incision.
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Table 1. Site characteristics at the Hayman and Schoonover fires. Numbers in parentheses are standard deviations.

n/a indicates not applicable.

Number of sites

Mean contributing area (mz)
Mean slope (%)

Swales with cross-sections

Number of cross-sections

Mean soil bulk density (g cm'3)

Hayman fire

Schoonover fire

Planar Planar Overall mean or
hillslopes Swales hillslopes Swales total

11 20 0 6 37
91 (52) 1771 (1760) n/a 1936 (704) 1331 (1523)
36 (6.4) 24 (6.6) n/a 36 (3.4) 29 (7.7)

n/a 11 n/a 3 14

n/a 71 n/a 23 94

n/a 1.43 (0.09) n/a 1.39 (0.07) 1.42 (0.08)




Table 2. Rainfall, maximum I;;, and sediment yields for the sediment producing storms from 2003-2004 for: (a) Hayman fire, and

(b) Schoonover fire. Totals are from all storms, and the values in parentheses are standard deviations.

a Precipitation Sediment yields (Mg ha)
Storm I Erosivity Swales Planar hillslopes
Year | no. Date Rainfall (mm) (mm hr'l) (MJ mm ha’ hr'l) (n=20) (n=11)
2002 | 1 21 July 10.9 21.8 62 6.2 (2.3) n/a
2 30 August 4.0 8.1 6 0.12 (0.22) n/a
Totals 102.9 n/a 169 7.0(2.2) n/a
2003 | 3 10 June 7.7(0.7) 13.8(2.2) 25 (6) 0.91(1.3) 0.47 (0.79)
4 19 July 10.3 (1.7) 16.0 (3.4) 33 (13) 0.44 (0.42) 0.087 (0.75)
5 11 August 17.1 (5.9) 26.3 (13.0) 122 (97) 6.4 (4.8) 0.45 (0.88)
6 6 September 45.3(3.9) 24.1 (6.8) 113 (25) 2.9(1.3) 1.2 (2.4)
Totals 158.8 (6.2) n/a 324 (95) 10.8 (6.3) 2.2 (4.0)
2004 | 7 10 June 13.1 (4.7) 23.0(7.9) 79 (61) 3.7 (2.0) 0.54 (1.1)
8 28 June 37.4 (15.8) 22.0 (7.8) 114 (53) 2.0(3.2) 1.4 (2.1)
9 26 July 50.6 (4.9) 36.6 (6.0) 256 (64) 24 (3.1) 0.88(1.9)
10 8 September 17.1 (6.5) 15.3 (3.4) 44 (7) 1.3 (1.5) 0.33 (0.64)
Totals 218.6 (34) n/a 469 (127) 9.4 (8.3) 3.1(5.5)
Sediment yields
b. Precipitation (Mg ha)
Storm Lo Erosivity Swales
Year | no. Date Rainfall (mm) (mm hr'l) (MJ mm ha hr'l) (n=20)
2002 | 1 21 August 9.1 17.8 36 2.3(0.95)
2 10 September 14.7 5.6 11 0.11 (0.11)
Totals 84.8 n/a 59 2.4 (1.0
2003 3 24 June 12.2 229 64 2.7(1.1)
4 2 August 8.6 17.3 40 8.0 (4.7)
5 5 August 4.8 8.6 9 0.17 (0.12)
6 15 August 7.1 13.2 22 2.1(1.3)
7 20 August 5.6 11.2 15 1.6 (1.2)
8 9 September 23.9 14.5 62 2.1(0.79)
Totals 138.4 n/a 241 16.7 (6.4)
2004 9 25 June 17.8 33.5 149 9.6 (6.1)
10 29 July 11.9 14.7 32 1.0 (0.51)
Totals 168.0 n/a 271 10.6 (6.5)
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Table 3. Mean ratios of calculated rill erosion to measured sediment yields for each sediment-producing
storm on the Hayman and Schoonover fires, 2002-2004. Totals represent the total mass of eroded sediment
divided by the total incision measured between 2002 and 2004.

Hayman fire (14 swales)

14-Jun-03  20-Jul-03  12-Aug-03  6-Sep-03 |16-Jun-04 28-Jun-04 26-Jul-04 8-Sep-04| Total

Mean 1.59 1.53 0.80 0.50 1.00 0.38 0.47 0.76 0.76
s.d. 0.82 0.99 0.27 0.26 0.25 0.36 0.17 0.68 0.68

Schoonover fire (3 swales)

23-Aug-02 | 24-Jun-03  2-Aug-03  20-Aug-03  9-Sep-03 | 28-Jun-04 29-Jul-04 | Total
Mean  0.79 0.77 0.62 0.38 0.61 ’ 0.61 0.96 ’ 0.63

s.d. 0.19 0.22 0.13 0.26 0.29 0.19 0.48 0.29
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Table 4. Site characteristics, sediment yields, and rill data for 3 swales in
middle Saloon Gulch (MSG) in the Hayman fire 2003-2004.

MSG1 MSG2 MSG3
Contributing area (mz) 463 261 256
Axis slope (%) 24 27 29
Total sediment yield (Mg) 1.0 1.1 1.5
Total unit area sediment yield (Mg ha'l) 22 42 56
Length of rill in swale axis (m) 20 21 27
Average rill incision (mz) 0.024 0.019 0.023
Eroded rill volume (m3) 0.65 0.46 0.69
Total length of hillslope rills (m) 21 32 33
Total area of all rills (mz) 8.6 8.9 10.5
Rill area/contributing area (rn2 m'z) 0.019 0.033 0.041
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Figure 1. Location of the study areas in the Hayman and Schoonover fires, respectively.
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Figure 2. Sediment fence on: (a) a planar hillslope in the Hayman fire in September
2003, fifteen months after burning: and (b) a convergent swale in the Schoonover fire in
September 2002, three months after burning.
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Figure 3. Schematic of the aluminum pin-frame used to measure rill cross-sections.
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Figure 4. Isohyets of (a) maximum thirty-minute intensities, and (b) rainfall erosivities
for a rainstorm on 11 August 2003 in the Hayman fire. The isohyets were developed
using data from four recording rain gages (red circles).
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Figure 5. Sediment yields per unit area for 2003-2004 versus distance from the ridgetop
for the 11 planar plots in the Hayman fire.
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Figure 6. Storm-based sediment yields from 2002 and 2003 for the 20 swales in the
Hayman fire versus rainfall erosivity.
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Figure 8. Contributing area versus the width-to-depth ratio at the end of the monitoring
period for each of the 94 cross-sections.
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Figure 9. Changes in rill cross-sections over time for four different cross-sections in
swale 17 in the Hayman fire. The contour interval on the site map is 1 m.
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Figure 10. Relationship between contributing area*local slope and change in rill cross-
sectional area for the 63 cross-sections in 14 swales at the Hayman and Schoonover fires.
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4. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

The results from this study corroborate the other studies in the western United
States that show post-fire erosion rates to be orders of magnitude higher than background
levels (e.g., Helvey, 1980; Wells, 1981; Morris and Moses, 1987; DeBano et al., 1998;
Prosser and Williams, 1998; Robichaud et al., 2000; Moody and Martin, 2001;
Benavides-Solorio and MacDonald, 2005). The objective of this study, however, was not
to document the increase in erosion rates after fires, but to define the key processes and
controls on post-fire erosion rates from different sites over time. Chapter 2 described the
factors controlling sediment yields over time, while Chapter 3 investigated the magnitude
and importance of rill erosion following two high severity wildfires.

A unique strength of this study is the very large dataset that was available for the
analyses. Chapter 2 was based on 4 years of data from 10 fires, or 225 plot years of data.
This meant that the data set could be split into calibration and validation data for model
development, and allowed for meaningful inferences with respect to the various factors
affecting post-fire erosion. The primary controlling factors, such as bare soil and rainfall
intensity, had been identified in previous studies with much smaller sample sizes (e.g.,
Morris and Moses, 1987; Moody and Martin, 2001), but this study was able to quantify
the relative importance of these factors and a much wider set of other variables. The
results document the influence of other factors such as hillslope position and soil texture,
as well as the small effect of seemingly critical variables such as slope and contributing

arca.

120



The large dataset was critical in quantifying the wide variability between plots
and fires. For example, in the fourth summer after the Bobcat fire, only one of the
sixteen plots produced a substantial amount of sediment. This one plot was important
because it showed that high sediment yields could persist into the fourth summer after
burning, if a plot has low bare soil and is subjected to intense rainfall. The data from the
other fifteen plots at the Bobcat fire, and similar aged plots at other fires, showed that this
site could be identified as a relatively rare situation.

The variability between plots was a consistent theme, and the work presented in
Chapter 3 was developed in response to the observed difference in sediment yields
between planar and convergent hillslopes at the Bobcat fire (Benavides-Solorio, 2003).
Many sub-sections in both chapters were used to explain other unforeseen sources of
variability.

An inherent problem with field-based, observational studies is that many variables
are difficult to measure precisely. The episodic, localized nature of the summer
thunderstorms was difficult to quantify. Variability in sediment yields within a fire was
often unexplained because rainfall was measured with just one rain gage. Even at fires
with multiple gages, the rain gage density was not sufficiently able to completely
characterize the spatial variability in rainfall.

Delineating contributing areas also was problematic, in that the drainage divides
often flattened near the crest rather than being defined with sharp ridges. The flattened
ridgetops probably did not contribute much sediment, but were included in the
contributing area. Since the flattened areas could be several hundred square meters or

more, they represent a potentially significant error or bias.
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Nevertheless, the overall trends and understanding are sound. The empirical
models developed in Chapters 2 and 3 can be used by land managers to predict post-fire
erosion both immediately after burning and over time. Because the models were
developed for the Colorado Front Range, their applicability to other areas is not known.
However, the general principles and processes defined in this study should be observed in

other areas, even though the absolute numbers may change.

4.1. FUTURE RESEARCH

One pressing need for future research is to test the models developed in this study
against data from other regions. This recalibration would allow the models to be used in
other areas, and help confirm the overall validity of the results developed in the present
study. The data from the present study also should be used to validate physically-based
erosion models such as WEPP, RULSE, and ERMiT. Improved modeling capabilities
could prove particularly useful in the future as global climate change may affect
temperature, precipitation, and wildfire patterns in the western United States.

The present study has helped to document many of the key processes and controls
on post-fire erosion in the Colorado Front Range, but some processes remain poorly
understood. In particular, the relative influence of soil hydrophobicity versus soil sealing
in controlling runoff rates needs to be addressed. The factors affecting vegetative
regrowth over time also could be more rigorously evaluated, particularly as they relate to

soil moisture and nutrient availability.
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It also would be helpful to assess the role of hillslope convergence on a
continuous scale rather than classifying hillslopes into two discrete classes (convergent
vs. planar). This information would collectively help in the development of an accurate,
physically based, hillslope-scale model for predicting post-fire runoff and erosion for the
Colorado Front Range. Ultimately, the increased understanding of hillslope erosion rates
that has been developed in this study should help lead to improved hillslope- and basin-

scale models for use in Colorado and other regions.
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