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a b s t r a c t

The 2007 Angora Fire served as a stark reminder of the need for fuel reduction treatments in the Lake
Tahoe Basin, California–Nevada, USA. Concerns exist, however, that the corresponding removal of forest
floor fuels could increase erosion rates, negatively affecting the clarity of Lake Tahoe. To quantify trade-
offs between fuel reduction and erosion, we conducted field-based snowmelt runoff simulation experi-
ments at 16 sites within the Lake Tahoe Basin that had received mechanical mastication or prescribed fire
treatments. Erodibility was measured to determine if thresholds of litter, duff, and woody fuel cover
could be established that are sufficient for trapping sediment and increasing infiltration, without con-
tributing to fire hazard. Field snow-melt simulations revealed that as little as 25% of the ground surface
covered with masticated fuels over duff was sufficient to mitigate erosion. The post-prescribed fire envi-
ronment characterized by heterogeneous patches of exposed bare mineral soil interspersed with
unburned patches mitigated erosion by increasing infiltration. Considerable increases in sediment yield
were observed in plots with >35% of ground area burned; the highest total sediment yields (values)
occurred in plots where between 66% and 100% of the soil surface burned. Our field results suggest that
erosion and wildfire severity can be simultaneously mitigated through the use of masticated fuel reduc-
tion treatments or prescribed fire treatments that leave sufficient organic matter to trap sediment but
have sufficiently low fuel loading and/or enough fuel discontinuity or patchiness to limit fire spread.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Restoring ecosystem structure, composition, and function while
reducing fire hazard are primary goals of land management in
many fire-prone landscapes worldwide (Allen et al., 2002;
Stephens et al., 2012; Ryan et al., 2013). In dry western North
American forests and woodlands, these treatments often focus on
modifying overstory structure and surface woody fuel to diminish
fireline intensity, crown ignition, and canopy fire spread (Agee and
Skinner, 2005). The unintended consequences of fuels treatments
for wildlife habitat, plant community composition, non-native spe-
cies spread, and erosion are often overlooked (Hunter et al., 2006).
Hillslope runoff from disturbed soils in burned landscapes is a
major concern for land managers because fine suspended particles
transport nutrients that contribute to eutrophication and losses in
clarity of receiving water bodies (Goldman et al., 1989).

Efforts to minimize wildfire hazard can oftentimes conflict with
those meant to reduce the potential for erosion (Shakesby et al.,
1993). Woody fuels and litter limit erosion by protecting the soil
from rainsplash, reducing the occurrence of overland flow pro-
cesses, trapping sediment passing over the soil surface, impeding
the formation of rills, and increasing infiltration rates
(Robichaud, 2000). Litter, duff, and down woody materials can
reduce turbidity, erosion rates, and sediment yields (MacDonald
and Stednick, 2003; Robichaud et al., 2010). A continuous cover
of surface fuels provides the greatest opportunity to minimize
the potential for erosion. However, distributing surface fuel cover
evenly over the landscape leads to fuel continuity which also
increases the potential fire hazard. Ironically, failing to reduce fire
hazard can result in severe erosion when wildfire ultimately occurs
(Silins et al., 2009).

We hypothesize that the solution to this apparent paradox can
be found throughmimicking the patchy burn mosaic of historic fire
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Fig. 1. Above: Mastication treatments in the Lake Tahoe Basin reduce stand density
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regimes in any fuel reduction treatment, including prescribed
burning or mastication (Fig. 1). There is evidence that historical
Sierra Nevadan mixed-conifer forests reflected this desirable
spatial heterogeneity and forest floor fuel discontinuity (Taylor,
2004; Knapp and Keeley, 2006; Rocca, 2009). Fires occurred
frequently in the Sierras, resulting in relatively low fuel loads
and discontinuous fuels, (Show and Kotok, 1924) producing patchy
burns and reinforcing heterogeneity in fire severity. A century of
fire exclusion has resulted in fuel continuity and forest types prone
to severe wildfire that are uniformly intense over large spatial
scales (Miller and Urban, 2000; Allen et al., 2002; Schoennagel
et al., 2004; Hessburg et al., 2005; Knapp et al., 2005; Donovan
and Brown, 2007). The absence of conditions conducive to burn
patchiness in contemporary forests limits the formation of
unburned islands of groundcover that serve to slow erosion and
increase infiltration of runoff (Martin and Sapsis, 1992). Rainfall
simulation experiments conducted by Johansen et al. (2001) indi-
cated that post-fire sediment yields increased dramatically when
percent bare soil exceeded a threshold of 70%.

We designed an experiment to test this ‘‘patchy burn” hypoth-
esis, with fuel reduction treatments spanning a range of bare soil
and groundcover to better understand thresholds for optimizing
both erosion control and reduction of fire hazard. Field-based sim-
ulation of rill erosion resulting from snowmelt runoff was con-
ducted within forested areas of the Lake Tahoe Basin treated
with mechanical mastication and prescribed fire. Observed erosion
characteristics (sediment yields, particle diameters, and infiltration
percentages) were correlated with detailed site depictions
(fuel bed characteristics, soil properties, and slope steepness), to
determine optimal levels of surface fuel retention for mechanical
mastication and prescribed fire treatments.
and produce a compact but continuous fuelbed (Photo: J. Kane). Below: Forest floor
after an early-season prescribed burn in mixed conifer forest fuels similar to those
found in the Lake Tahoe Basin.
2. Materials and methods

2.1. Study site

The study was performed at Lake Tahoe, California–Nevada,
USA, where these erosion and fire management issues have great
relevance. Over the past 25 years, slowing or reversing the loss of
clarity of the lake (�30% over three decades) has become an issue
of primary importance (Jassby et al., 1994; Swift et al., 2005;
Grismer and Ellis, 2006). The social and economic priority of these
efforts is rivaled only by the necessity to mitigate effects of wild-
land fire. The 2007 Angora Fire in South Lake Tahoe, CA burned
1254 ha of mixed-conifer forest, destroyed 254 residential and 75
commercial structures, and led to firefighting costs that exceeded
US $11 million (Safford et al., 2009; California Department of
Forestry and Fire Protection, 2011). The rapid spread of this wild-
fire was due in part to fuels that had accumulated in the absence
of periodic fire (Safford et al., 2009).

The Lake Tahoe Basin is situated near the crest of the Sierra
Nevada at an elevation of 1900 m above sea level at the lake and
2700 m at the crest (Coats et al., 1976). The majority of annual pre-
cipitation (average = 800 mm) falls as snow between November
and April (Western Regional Climate Center, 2010). Annual snow-
melt primarily occurs in the late spring to early summer. Dramatic
flood events occasionally occur when warm rains fall on the accu-
mulated snow. Of the 1363 km2 Basin, 800 km2 is a forested water-
shed drained by 63 small streams, with the remainder lake surface
(Fig. 2, Goldman, 1988). Lake Tahoe is a large, deep, oligotrophic,
sub-alpine lake with a mean depth of 333 m (Gardner et al.,
2000). The combination of great depth, small ratio of watershed
to lake area, and granitic basin geology has produced a lake of
extremely low fertility and high transparency (Jassby et al., 1994;
Swift et al., 2005).
This study focused on two fuels management approaches (pre-
scribed fire and mechanical mastication) widely employed within
the Lake Tahoe Basin and many other fire-prone western USA for-
ests. Mastication is the process of mechanically converting live or
dead standing biomass into surface fuel by chipping or breaking
up larger pieces into smaller portions resulting in dense woody
fuelbeds (Kane et al., 2009) (Fig. 1). Prescribed fire is the deliberate
application of fire to forest fuels to meet a wide spectrum of man-
agement goals including reducing the intensity of subsequent wild-
fire (Wade and Lunsford, 1989; Ryan et al., 2013). These treatments
are both effective at reducing fire hazard, but mastication results in
a compact, relatively uniform layer of woody fuels while prescribed
fire partially or fully consumes surface forest floor and woody fuels.

Research was conducted in 16 forested sites throughout the
Basin, eight ofwhichwerepositioned in areaswhere recentmastica-
tion treatments occurred (within the same season) and eight where
prescribed fires occurred (Fig. 2 and Table 1). Sites were selected
with moderate to steep slopes (15–48%) typical for the Basin and
steep enough for runoff to be potentially generated within plots.
Research sites were all on common soil types within the Basin,
broadly characterized as granitic, volcanic or a mixture of the two,
with surface soil textures of cobbly or stony sandy loams and parent
materials that included granite, granodiorite, metamorphics, and
extrusive lavas (Naslas et al., 1994). All sites were dominated by a
Sierranmixed-conifer forest consisting of Jeffreypine (Pinus jeffreyi),
ponderosa pine (P. ponderosa), sugar pine (P. lambertiana), white fir
(Abies concolor), red fir (A. magnifica), and incense-cedar (Calocedrus
decurrens). Common shrub associates included huckleberry oak
(Quercus vacciniifolia), greenleaf manzanita (Arctostaphylos patula),
mountain whitethorn (Ceanothus cordulatus), and mountain sage-
brush (Artemisia tridentata).



Fig. 2. Erosion plot locations in forests of the Lake Tahoe Basin, California–Nevada, USA. Inset figure on right shows the location of Lake Tahoe in the western USA denoted
with an asterisk.

Table 1
Average plot slopes and soil characteristics for all masticated and prescribed fire sites in the Lake Tahoe Basin, California and Nevada (CS-CG = Cassenai-Cagwin; RO-ME = Rock
Outcrop-Meeks; DA-TE = Dagget-Tempo; PA-KN = Paige-Kneeridge; PM = Paige Medial; JO-TA = Jorge-Tahoma).

Site Avg slope Soil type Parent material Kb Infiltrationc Bulk density (field)
(%) (cm s�1) (mL s�1) (g cm�3)

Skyland 21 CS-CG Granitic 0.002 0.399 1.38
Round Hill 24 CS-CG Granitic 0.008 0.374 1.26
Angora 15 RO-ME Granitic <0.001 0.259 1.30
Bliss 19 CS-CG Granitic 0.001 0.219 1.28
Inspiration 24 DA-TE Granitic 0.001 0.188 1.29
Ward 27 PA-KN Volcanic 0.002 0.140 1.21
Chamonix 25 PM Volcanic <0.001 0.049 0.81
Granlibakkena 25 JO-TA Volcanic
Incline 1 38 JO-TA Volcanic 0.001 0.89
Incline 2 38 JO-TA Volcanic 0.001 1.16
Burton 1 23 JO-TA Volcanic 0.001 0.77
Burton 2 23 JO-TA Volcanic 0.001 0.94
Slaughterhouse 1 35 CS-CG Granitic 0.001 1.11
Slaughterhouse 2 34 CS-CG Granitic 0.006 1.23
Dollar 1 28 JO-TA Volcanic 0.003 0.84
Dollar 2 24 JO-TA Volcanic 0.001 1.26

a No soil samples were taken at Granlibakken.
b K indicates hydraulic conductivity.
c Infiltration was measured at the prescribed fire sites but not the masticated fuel sites.

2 Mention of this product does not constitute endorsement by the U.S. Forest
ervice.
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Rill erosion resulting from snowmelt runoff was simulated using
5 � 2 m erosion plots. Each plot contained a unique treatment with
respect to thickness and spatial distribution of forest litter or mas-
ticated activity fuels. In masticated sites, treatments compared ero-
sion potential in varying amounts of bare soil exposure (0–100%)
and in varying amounts of surface fuels (0–100%). In prescribed fire
sites, erosion potential was examined within plots characterized by
varying degrees of fire severity, as categorized by forest floor fuel
consumption (as measured by mineral soil exposure). Fire severity
in the prescribed fire sites was categorized based on a point
sampling method along each plot surface that estimated the bare
mineral soil exposure (%) and the distribution and depth of cover.
Soil sampling was carried out on all 16 sites to estimate bulk
density, hydraulic conductivity, and volumetric water content
prior to experiments. These data were collected through a geodetic
sampling method based on methodologies described by Pennock
et al. (2008). At each of five sample points per site, field bulk den-
sity, hydraulic conductivity, and volumetric water content were
measured through the use of a field core-sampler, Mini-Disc Infil-
trometer2 (Decagon Devices, Inc., Pullman, WA) and a Hydrosense
S
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Portable Moisture Probe2 (Campbell Scientific, Logan, UT), respec-
tively. Hydraulic conductivity (K) values and infiltration rates were
measured at the soil surface and at 10 cm depths at all prescribed
fire sites. Soils data were not collected at the Granlibakken site
due to end of the field season time constraints.

2.2. Plot design and characterization: Masticated sites

Each 5 � 2 m plot contained a fuel treatment in which masti-
cated fuels were manipulated by varying either spatial distribution
or thickness (=depth). The comparisons varying the spatial distri-
bution of fuels were designed to evaluate what proportion of
ground area covered by fuels is necessary to trap sediment
contributed by the proportion of bare mineral soil area. Three
treatments were created where surface fuel and duff were retained
on (1) the lower 25% of the plot; (2) the lower 50% of the plot; and
(3) the lower 75% of the plot (Fig. 3). These treatments were com-
pared to two controls: (1) plots where 0% of surface fuel and duff
were retained and (2) plots where surface fuel and duff remained
undisturbed. The duff (fermentation and humus organic soil hori-
zons) layer depth, litter depth, and surface fuel height of the mas-
ticated areas in each plot were measured at multiple sample points
prior to fuel removal. These depths were totaled per plot, providing
a means to evaluate the effectiveness that various organic horizon
depths possess at infiltrating flows, trapping sediment, and
mitigating any erosive processes produced by overland flow in
the upslope patches of exposed soil.

Masticated treatment comparisons involving varying the thick-
ness of fuels tested the amount of masticated fuel necessary to mit-
igate erosion without the aid of underlying litter and duff. All
woody surface fuels in the 100% removal plots were collected,
separated into size classes (timelag categories of <0.64 cm, 0.65–
2.54 cm, and 2.55–6.25 cm diameter), bagged, oven-dried and
weighed. Four even retention plots were then created at each site
Fig. 3. Design and dimensions of patchy retention plots, where treatments were charac
Basin, California and Nevada.
to evaluate the relationship between woody fuel loading and sed-
iment yield. After removing all surface fuel, litter, and duff, a pro-
portion of the woody surface fuel was evenly redistributed across
the bare mineral soil. The four treatments (Fig. 4) were 25%, 50%,
75%, and 100% of the woody surface fuel amount weighed in the
0% retention plot (the reference mass). Erosion in these four
treatments was compared to the 0% retention plot (control).

While the fuel loading and depths varied among treatments,
fuels were continuous in all treatments. Fuel depth (comprising
the distance from the top of surface fuels to the top of the bare
mineral soil) was measured after treatment creation but prior to
the erosion simulations at multiple sample points within all even
retention treatments.

2.3. Plot design and characterization: Prescribed fire sites

Six 5 � 2 meter plots that varied in fuel consumption and patch-
iness were established at each of the eight prescribed fire sites. The
boundaries for each plot were selected to encompass spatial distri-
butions of burn patchiness that represented potential treatment
outcomes from low-intensity prescribed burns or pile burns where
fire had been allowed to spread to litter and duff between the burn
piles. Unlike plots in masticated sites, fuels located within pre-
scribed fire plots were not manipulated. Two treatments served
as controls on these sites: (1) one plot placed in a completely
unburned area nearby and (2) one plot where 100% of available
fuels were consumed by fire. Depending on site-specific burn pat-
terns, the remaining four treatments were located in plots in areas
where fire had consumed 0–25%, 25–50%, 50–75% or 75–100% of
woody surface fuels, litter, and duff, exposing varying degrees of
bare mineral soil.

The specific amount of bare mineral soil exposure and the distri-
bution and depth of cover within each plot were estimated by a
point quadrat method similar to the vegetation analysis procedure
terized by varying amount of fuels retention in masticated sites in the Lake Tahoe



Fig. 4. Design and dimension of even retention plots. Treatments were characterized by varying amounts of woody surface fuel retention within masticated sites in the Lake
Tahoe Basin, California and Nevada. Percentages are a fraction of the mass of woody surface fuel measured on the control plot.
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introduced by Levy andMadden (1933). Cover type and depth were
classified at each sampling point (n = 90). Cover types assigned to
each sampling point consisted of ‘‘ash” (consumption of all avail-
able fuels resulted in an ash deposit), ‘‘baremineral soil” (consump-
tion of all available fuels resulted in complete bare soil exposure),
‘‘incomplete burn” (incompletely burned or scorched fuels display
some retention of structure and form), ‘‘incomplete/ash” (ash
deposits combine with scorched needle cast), or ‘‘unburned” (fuels
at the sampling point apparently untouched by fire). Averaging
these data allows for estimates regarding the type, amount, and
depth of organic matter in each plot. We developed a unique index
of soil burn severity within each plot using the equation:

B ¼ ðbþ aþ ð0:5 � iaÞÞ=n � 100 ð1Þ

where B is the estimated soil burn severity value (%) within each
plot, b is the total number of sampling points labeled ‘‘bare mineral
soil”, a is the total number of sampling points labeled ‘‘ash”, ia is the
total number of sampling points labeled ‘‘incomplete/ash”, and n is
the total number of sampling points within each plot (n = 90). The
total number of sampling points labeled ‘‘incomplete/ash” were
divided in half due to the simultaneous presence of ash deposits
and scorched needle cast within these areas. Fuel consumption
around these sampling points was incomplete and lacked the sever-
ity to instigate erosion, and therefore assigned a limited contribu-
tion to overall plot burn severity percentages. Conversely,
sampling points labeled ‘‘incomplete burn” were arbitrarily
assigned no contribution to overall plot burn severity percentages
since fuels in these areas retained some semblance of structure
and may have mitigated erosion rather than exacerbated it. Soil
burn severity classes followed those of Johansen et al. (2001) with
low severity approximately corresponding to index values <30%,
medium severity 30–60%, and high severity >60%.

2.4. Runoff simulation

Runoff simulation was conducted in an identical manner at both
masticated and prescribed fire sites. Water was transported to each
site with large capacity water bladders, transferred into smaller
capacity storage tanks, and pumped into a constant-level container
(Fig. 5). The constant-level container introduced water directly to
the runoff simulator, which applied water evenly across the top of
the plot. At the lower end of the each plot, a sheet-metal collection
apron was placed on the bare soil surface to funnel runoff into
collection containers. A thin layer of wet bentonite clay was placed
under the edge of the apron to prevent leakage beneath it.

Each plot received three 12-min runs of concentrated flow at
15 L min�1. The purpose of the three runs was to account for vari-
ation in erosion and infiltration rates over time as fine material was
flushed away and the soil saturated from initially dry conditions.
Runoff was collected at 60 s intervals in tared containers until
the cessation of flow for each run. The time for runoff to reach
the collection apron was recorded. If water failed to reach the col-
lection apron the run was labeled ‘‘No Collection/100% infiltration”.
Subsamples of runoff were collected for laboratory analysis at
three-minute intervals. Total runoff mass was recorded using a
field scale. Typically, 10–15 min elapsed between each run.

2.5. Runoff sample processing

Analysis for masticated and prescribed fire sites included
measurements of infiltration, total runoff, and total suspended sed-
iment (TSS) content in subsample runoff collection. Infiltration was
determined by calculating the difference between total applied
water and total runoff collected. TSS was determined by standard
gravimetric methods (Gray et al., 2000). Total sediment yield from
each plot was estimated from runoff mass and subsample TSS data.
Linear interpolation was used to determine TSS values for time
intervals between subsample collections in order to provide a con-
tinuous record for the estimate of sediment yield.

Subsamples from prescribed fire sites were analyzed for
particle-size distribution (e.g., Stubblefield et al., 2006) using a
laser diffraction particle-size analyzer (LS-320, Beckman Coulter
Inc., Miami, FL). To determine the proportion of different
particle-size classes, percentile distributions generated by the
particle-size analyzer were multiplied by the subsample TSS
results to yield mass concentrations for the size classes
<1000 lm, <100 lm, <10 lm, and <1 lm. Soil particle-size distri-
butions derived from runoff samples in prescribed fire sites were
characterized using the maximum size (Di), with i corresponding
to the percentage of particles less than that size.

2.6. Data analysis

For masticated sites, a three-factor analysis of variance
(ANOVA) was performed (Zar, 1999) using a linear model to deter-



Fig. 5. Flow chart depicting snowmelt runoff simulation methodology. Water was applied evenly at the top of a 10 m2 plot. Runoff was collected at the bottom of the plot,
allowing for the measurement and observation of rill erosion processes at a scale applicable to hillslope erosion.
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mine if site, slope, and treatment condition significantly influenced
total sediment discharged for patchy and even treatments
(a = 0.05). Sequential sum of squares was used to remove the
effects of site and slope and test for significant differences in sed-
iment yield due to treatment. A post hoc Tukey test was performed
as a pairwise comparison of mean treatment sediment yields to
examine if significant differences occurred between masticated
treatments.

For prescribed fire sites, a three-factor ANOVA was also
performed using a linear model to determine if site, slope, and
percentage of plot area burned significantly influenced total sedi-
ment discharged. Adjusted sum of squares tested the amount of
variation explained by percentage of plot area burned when site
and slope variables were treated as covariates.

For both masticated and prescribed fire sites, sediment yield
and slope variables were log-transformed prior to analysis to
improve normality of residuals. In order to transform sediment
yield data, a value of 0.001 was added to all treatment sediment
yields across masticated and prescribed fire sites so that treat-
ments that garnered no sediment yield (i.e. contained zero values)
could be transformed. All ANOVA statistical analyses were con-
ducted using Minitab software^ (Minitab Inc., Version 15.1,
2007). For prescribed fire sites, Tobit-piecewise regression
(Mekbunditkul and Siripanich, 2010) was used to determine an
erosion threshold because it accounts for unequal variances across
the gradient of area burned. Tobit-piecewise regression was
conducted using SAS (SAS Institute Inc., Version 9.4).
3. Results

3.1. Soils and particle-size distributions

Across all sites, soil textures varied between loamy sands and
sandy loams. Higher field bulk density tended to be correlated with
lower infiltration rates at masticated sites. Exceptions included the
Chamonix site, where infiltration rates (0.05 mL s�1) and soil bulk
density (0.81 g cm�3) were low, and the Skyland site, where infil-
tration rates (0.40 mL s�1) and soil bulk density (1.38 g cm�3) were
high (Table 1). Hydraulic conductivity (K) values were the lowest at
the Chamonix (0.0003 cm s�1) and Angora (0.0004 cm s�1) sites
(Table 1). Volumetric water content (h) at the time of the runoff
simulations was low at all sites, varying from only 4% to 11%.

Sediment yield had the strongest positive relationship with the
finest particle-size classes (D10) within each sample and the stron-
gest negative relationship with the coarsest (D90) size classes
within each sample (Fig. 6). Overall median particle-sizes (D50)
were highest in the decomposed granitic soil types of Slaughter-
house 1 and Slaughterhouse 2 sites, ranging from 57 lm to
418 lm and 156 lm to 475 lm, respectively. Overall, median
particle-sizes were lowest in the volcanic soil types of the Dollar
2 site, ranging from 28 lm to 90 lm.

Average surface soil hydraulic conductivity (0.0056 cm s�1) and
10 cm depth K-values (0.0086 cm s�1) were greatest in the decom-
posed granitic soils in the Slaughterhouse 2 site. Average K-values
were smallest at the surface in the volcanic soils of the Incline 2



Fig. 6. Sediment particle-size percentile (lm) vs. Sediment yield (kg) measured in
D10, D50, and D90 particle-size distribution percentiles of samples collected in runoff
from prescribed fire sites in the Lake Tahoe Basin, California and Nevada. A value of
0.001 was added to each measurement of sediment yield in order to conduct log
transformations. Each of the three measures of sediment particle-size distribution
is fit with a power relationship between sediment particle size percentile and
sediment yield.
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site (0.0006 cm s�1) and at a 10 cm depth in the volcanic soils of
Dollar 2 (0.0006 cm s�1) and Burton 2 sites (0.0006 cm s�1). Aver-
age measurements of dry soil bulk density were greatest at the
Dollar 2 (0.89 g cm�3) site and smallest at the Burton 1 site
(0.77 g cm�3). At Incline 1, Incline 2, Burton 1, and Burton 2 sites,
large discrepancies were found between volumetric water content
(h) values obtained by the soil moisture probe and h-values
obtained by bulk density methodology. Moisture probe and bulk
density derived h-values were relatively consistent in both Slaugh-
terhouse sites.
Retention RetentionRetention Retention Retention

(b) Sediment Yield for Patchy Retention Treatments 

Fig. 7. Sediment yields for fuel redistribution treatments, Lake Tahoe CA-NV. (a)
Even Retention and (b) Patchy Retention. 100P denotes 100% fuel retention on
erosion plot. 75P denotes 75% fuel retention, and so forth for 50P, 25P and 0P. 100W
denotes 100% of control plot masticated fuel weight retained evenly over erosion
plot. 75W denotes 75% of control plot fuel mass evenly distributed over erosion
plot, and so forth for 50W and 25W. Treatments with different letters have
significantly different means at P 6 0.05 (Tukey–Kramer HSD).
3.2. Runoff in masticated and prescribed fire sites

As expected, mean fuel depth to bare mineral soil was lower in
even retention mastication treatments (6 cm) than within patches
in the patchy retention mastication treatments (15 cm) because lit-
ter and duff were removed in the former. Fuel depth among even
retention treatments was greatest at the Chamonix site
(10 cm ± 2 cm, where ± indicates standard deviation) and the
lowest at the Granlibakken site (4 cm ± 2 cm). Across all sites,
mean fuel depth increased linearly with increased amounts of sur-
face fuel retention among even retention treatments. Mean depth
to bare mineral soil among patchy retention treatments was great-
est at the Inspiration Point site (22 cm ± 4 cm) and lowest at the
Angora site (10 cm ± 4 cm). Across all sites, mean depth to bare
mineral soil was highest in patchy retention treatments with 50%
soil exposure (17 cm ± 1 cm) and lowest in treatments with 25%
retention (14 cm ± 1 cm). Depths were averaged from measure-
ments made from remaining patches, not bare areas.

In masticated sites, runoff sediment yields were greatest in
treatments characterized by complete soil exposure and lowest
in treatments characterized by complete surface fuel retention
(Fig. 7). Within even retention treatments (Fig. 7a), average sedi-
ment yields were highest in plots where 25% of surface fuels were
retained (0.50 Mg ha�1) and lowest in plots where 100% of surface
fuels were retained (0.03 Mg ha�1). With subtle increases in sur-
face fuel retention within plots, average sediment yield decreased
substantially (83% reduction from 25% to 50% fuel retention). The
average amount of erosion in 25% even retention treatments was
44% less than in plots with 0% fuel retention. Average sediment
yield in 50% (0.09 Mg ha�1) and 75% (0.06 Mg ha�1) even retention
treatments was not significantly different (P < 0.001). In patchy
fuel retention treatments (Fig. 7b), average sediment yield was
similar in plots characterized by 50% and 25% fuel retention, but
both were approximately 97% lower relative to average sediment
yields garnered from plots characterized by 0% fuel retention. Sed-
iment yield for 75% and 100% patchy retention did not differ from
50% retention.

Even fuels retention and patchy retention treatments were sig-
nificant predictors of sediment yields (P < 0.001). There were sig-
nificant differences in sediment yields among the eight
masticated sites (P = 0.011). Slope (range = 12–33%) was not a sig-
nificant predictor in total sediment yield (P = 0.791). Mean sedi-
ment yields in mastication treatments characterized by 0% fuel
retention and 25% even retention were significantly higher than
sediment yields measured in the other treatments (Fig. 7, Tukey
test, 95% confidence level). Patchy retention sites had significantly



Fig. 8. The effects of percentage of plot area burned on sediment yield (kg) with
prescribed fire sites of the Lake Tahoe Basin, California and Nevada. Data are fit with
piecewise Tobit regression (dark line) with a threshold at 35% of plot area burned.
Light lines indicate 95% confidence intervals.
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lower sediment yields than even retention sites (Tukey test, 95%
confidence level).

Sediment yields and runoff from masticated sites were closely
aligned with parent material. Volcanic soils (Ward, Chamonix,
and Granlibakken) averaged higher sediment yields than sites with
granitic soils (Skyland, Roundhill, Angora, Bliss, and Inspiration
Point) in three out of four even retention treatments and in four
out of five patchy retention treatments. Slopes in sites with vol-
canic soil types were steeper than those in corresponding sites
with granitic soil types by approximately 5%, but since slope was
not a significant predictor of erosion in our analysis, the discrep-
ancy does little to explain the association between sediment deliv-
ery and soil type.

In prescribed fire sites, percentages of area burned varied
among plots within sites, ranging from 0% to 100%. Tobit piecewise
regression indicated a positive relationship between percentages
of plot area burned and total sediment yield, with a threshold of
sediment yield at ca. >35% of plot area burned (std. error 0.722,
Fig. 8). The highest sediment yield occurred in plots with percent-
age area burned between 66% and 100%. Plot area burn percentage
was a highly significant predictor of total sediment yield (ANOVA;
P < 0.001). As in the masticated fuels treatments, plot slope
(range = 20% to 48%) was not a significant predictor of sediment
yield (P = 0.693), nor was ‘‘site” (P = 0.086).

Of the eight prescribed fire sites, only two (Slaughterhouse 1
and Slaughterhouse 2) had granitic soil origins, making a direct
comparative analysis of results between granitic vs. volcanic soil
types difficult. Average sediment yields were higher in decom-
posed granitic sites than in volcanic soil types.
4. Discussion

Large differences in sediment yield were observed across fuels
treatments that exposed the most bare soil and those that retained
fuels on the soil surface. Masticated treatments characterized by
either relatively low loads of uniformly distributed woody surface
fuel, or only small patches of masticated material, along with
underlying duff were sufficient to mitigate severe erosion by trap-
ping sediment and increasing infiltration. In prescribed fire plots,
heterogeneous patches of unburned or less severely burned islands
of surface fuel were sufficient to mitigate erosion in a similar man-
ner. Reduction in erosion was especially pronounced if fire burned
less than 35% of the plot area. Thus, in the most macroscopic sense,
two very different surface fuel treatments observed in this study
shared a common outcome: as areas of exposed mineral soil
increased, the amount of erosion due to simulated snowmelt run-
off increased by orders of magnitude. By exploring the details of
this overall finding, land managers in the Lake Tahoe Basin and
elsewhere can pursue strategies that balance erosion control with
wildland fuel reduction objectives.

4.1. Masticated fuels and erosion

Our results strongly indicate that increased surface cover
reduces erosion rates.

Within the masticated sites of this study, surface cover con-
sisted primarily of masticated woody fuel, which, along with
underlying layers of duff, reduced surface runoff velocity and held
soils in place during simulated snowmelt runoff. As the amount of
plot area covered in fuel and duff increased within each treatment,
rill development decreased, infiltration increased, and sediment
delivery was impeded. In most cases across sites, dramatic reduc-
tions in erosion rates from bare soil conditions (0% fuel retention)
were observed for the minimum tested surface cover category. For
example, retention of only a 25% patch of masticated fuel and duff
reduced average sediment delivery by 97%. Even distribution of
25% of original masticated woody fuel loading resulted in a 44%
reduction in sediment delivery.

Our results support research findings from Lake Tahoe (Naslas
et al., 1994; Hatchett et al., 2006; Grismer et al., 2008) and more
broadly (Benavides-Solorio and MacDonald, 2001; Johansen et al.,
2001; Molinar et al., 2001; Pannkuk and Robichaud, 2003;
Robichaud et al., 2013). Hatchett et al. (2006) found that residual
surface fuels following mechanical mastication reduced erosion
by promoting high rates of infiltration and limiting soil detach-
ment from erosive forces due to overland flow.

Patchy retention of masticated fuels was more effective at miti-
gating erosion than even retention. Even retention treatments aver-
aged 0.16 Mg ha�1 while patchy retention averaged 0.01 Mg ha�1.
The greater efficiency of patchy fuels at reducing erosion is likely
at least in part due to the fact that the underlying duff was retained
in the patchy treatment, whereas the even woody fuels distribution
treatments depended on thewoodymaterial alone to trap sediment
and increase infiltration. The magnitude of the erosion reduction
with patchy fuels was also likely enhanced because the retained
patch was always placed at the bottom of the erosion simulation
plot. Had the retained patch been randomly placed, the improve-
ment would have been somewhat less.

Overall results derived from mastication treatments point to
several conclusions regarding small-scale surface erosion. The
complete exposure of a hillslope to bare soil offers the greatest
potential for severe erosion as a result of rill erosion. Effectiveness
in mitigating erosion increases as the application of evenly dis-
tributed masticated surface fuel to a bare soil (without litter and/
or duff) increases. This finding is supported by other studies in
the literature (Bautista et al., 1996; Wagenbrenner et al., 2006).
This treatment approximated management objectives at one of
our sites (Angora), where small non-merchantable timber was
masticated following a high severity wildfire in order to mitigate
erosion concerns. At many non-wildfire sites, masticated wood
would likely be distributed on top of existing duff, which would
likely make it even more effective. This surface cover combination
increases the potential for infiltration, increases soil water holding
capacity, prevents rill formation, and traps suspended sediment.
Our results demonstrate that even small patches of surface fuel,
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or surface fuel and duff layers can be effective in preventing severe
erosion due to snowmelt runoff. Further research is needed to
refine the levels of retained fuels appropriate for different forest
floor conditions, and develop mastication and prescribed fire treat-
ments that achieve target fuel levels.

Mastication is not appropriate for all areas. Steep slopes and
access to remote areas may limit use of equipment. Equipment
used for mechanical mastication is expensive to operate and pro-
duces greenhouse gases. However, strategic placement of treated
areas may reduce fire spread without the need to treat the entire
landscape. Our findings are also relevant to any fuels treatment
that affects the amount and spatial distribution of surface fuels,
not just mastication.

When burned, excessive post-treatment masticated fuel loads
can lead to substantial mortality of residual trees due to crown
scorch (Knapp et al., 2011). A potential also exists for biological
damage from soil heating during fire in masticated fuelbeds, partic-
ularly in dry soils with masticated fuel depths exceeding 7.5 cm
(Busse et al., 2005). Our experiment suggests that application of
masticated fuels commonly exceeds that threshold in the Lake
Tahoe Basin, as the average depths for our eight control plots was
8.4 cm. Erosion was effectively mitigated when only 50% of avail-
able masticated fuels were evenly retained on plot surfaces. Thus,
the threat of erosion can be mitigated with lesser amounts of
woody fuels, thereby reducing fire hazard and potential soil heating
concerns. Our work adds to a growing body of research (Johansen
et al., 2001; Robichaud et al., 2013) indicating that the competing
objectives of erosion mitigation and fire hazard could be effectively
met with far less ground covered by masticated wood.

The patchy retention treatments potentially limit fire hazard
through different processes than minimizing fuel depths. While
patchy retention of fuel reduced the amount of fuel in each plot
(a key driver of soil heating; DeBano et al., 1998; Busse et al.,
2005), it also created discontinuities in the fuelbed, which can alter
fire behavior by slowing or stopping fire spread. Discontinuity of
fuels can result in less of the ground surface experiencing fire
and reduce the total amount of fuel consumed (Knapp et al.,
2005). This unburned forest floor and groundcover is then available
to trap sediment and mitigate erosion.

In this study we found that retaining even small patches of sur-
face fuel and duff (25% of plot area) substantially mitigated ero-
sion. Thus the area of soil potentially subjected to excessive heat
would be highly concentrated within a limited area of fuel, litter,
and duff. While there was added benefit of covering 50% and 75%
of the ground in fuels, these higher fuel amounts also increase fuel
continuity and thus the potential for fire spread and soil heating. A
25% patchy retention mastication treatment appears to provide
sufficient surface protection to mitigate erosion but not enough
to exacerbate the effects of wildland fire. Further work using a finer
range of gradations (e.g. 20%, 30%, 40%) would provide more speci-
fic guidance. The patchy retention results may not be applicable to
regions with lower litter and duff accumulations than the Lake
Tahoe Basin. Guidance for specific amounts of soil coverage needed
also depends on slope and soil type, which varies greatly in
forested areas where both erosion and fire hazard are concerns.
For example, erosion studies of burned areas in Idaho, Colorado
and Washington found that wood mulch cover, applied at
4.5–12 Mg ha�1 over 51–57% of treatment plots, was effective in
reducing sediment yield as compared to untreated controls, but
the study did not evaluate lower coverage percentages
(Robichaud et al., 2013).

4.2. Prescribed fire and erosion

Retention of groundcover resulting from burn patchiness low-
ered erosion rates as compared to more fully burned areas. Within
our study the greatest erosion potential was found when the
burned area within each plot exceeded ca. 50% (Fig. 8). By explor-
ing this threshold along with other intrinsic variables that consti-
tute burn severity, a wide range of factors that contributed to
erosion in prescribed fire sites can be better understood.

In Tahoe Basin sites where prescribed burn severity was pre-
dominantly low (Incline 1, Incline 2, and Burton 2), fires consumed
only a portion of the surface fuel and measured erosion was gener-
ally minimal. In sites where burn severity was moderate (Slaugh-
terhouse 1, Slaughterhouse 2, and Dollar 2), surface fires partially
consumed surface litter and charred but did not entirely consume
the duff. Large patches of bare soil were generally absent and areas
with substantial ground cover were sufficient to impede or halt rill
formation.

In sites where burn severity was high (Burton 1 and Dollar 1),
nearly the entire forest floor was consumed and mineral soil struc-
tures were significantly altered. Large patches (�10 m2) of exposed
soil were generated and linked together through areas of thin, dis-
turbed groundcover. Flows passing over bare mineral soil formed
rills that transported large amounts of sediment downslope
(Fig. 8). Previous researchers have recorded increases in post-fire
sediment yields when bare mineral soil increased above 30–40%
(Robichaud, 1996; Pannkuk and Robichaud, 2003; Benavides-
Solario and McDonald, 2005). Meta-analysis of rainfall simulator
experiments found a similar threshold increase in erosion yield
when soil burn severity increased from low (<30% bare mineral soil
cover) to moderate (30–60% bare mineral soil cover) for forest
shrub and grassland (Veira et al., 2015). An additional issue with
the potential to influence erosion is the formation of water-
repellent conditions within the soil with high severity wildfire
(DeBano et al. (1998). However, the impact of the complete con-
sumption of litter and duff on erosion rates has been found to be
more detrimental than the effects of increased water repellence
(Sevink et al., 1989; Scott and van Wyk, 1990; Marcos et al.,
2000; Certini, 2005).

Along with bare soil exposure, soil texture (i.e. particle size dis-
tribution) and structure help explain variation in sediment yield in
prescribed fire sites. Soils with coarse texture and strong structure
resist detachment forces of rill erosion and infiltrate water more
rapidly, thus reducing rill-forming processes. Particle-size distribu-
tion is not directly affected by fire (Oswald et al., 1999) but soil sur-
face particles became disaggregated in plots that experienced high
burn severity and are thus more susceptible to erosion (Wells et al.,
1979; Robichaud and Waldrop, 1994; DeBano et al., 1998; Elliot
et al., 2010).

Sites on granitic soils (Slaughterhouse 1 and 2) generally had
larger particle sizes than other sites. Across all prescribed fire sites,
particle size was typically largest in plots where soil burn severity
was the highest. This confounding result meant that the relative
influence of burn severity and particle size on erosion cannot be
disentangled in these experiments, and is worth further
investigation.

In addition to affecting erodibility and transport, particle size
mediates the impact of sediment on aquatic systems. Visual clarity
is a highly valued measure of Lake Tahoe’s aesthetics (Goldman,
2000). Smaller particles (�1 lm) have a greater impact on dimin-
ished water clarity by scattering light much more effectively than
larger (�10 lm) particles (Boss et al., 2001; Swift et al., 2005). In
addition, smaller particles persist in the water column rather than
settling with gravity. In this study, particle sizes of eroded sedi-
ment were relatively large, however there was a significant frac-
tion below 10 lm (Fig. 6) that would be expected to reduce
clarity if transported to the lake. This underscores the importance
of meeting erosion control objectives in fuels treatments.

Plot slope was not found to be a significant predictor of sedi-
ment yield (P = 0.086). This result is likely due to relatively subtle
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variation in slope among treated sites available for this study. Stee-
per slopes exist, but are unlikely to be treated with mastication and
less likely to be treated with prescribed fire. Operation of mastica-
tion equipment is typically limited to slopes <45% (Vitorelo et al.,
2011) and steep slopes can make prescribed fire more challenging
to implement. For these reasons, and because it is well established
that rill and sheetwash erosion increase with slope (Fox and Bryan,
2010) our results should not be extrapolated to steeper sites.

A clear comparison between volcanic soils and granitic soils
was not possible for prescribed fire sites because of lack of repli-
cates (only two granitic sites). However an erosion threshold was
still observed for granitic soils at the Slaughterhouse sites. Both
sites had high infiltration rates that led to low erosion rates until
a threshold of plot area burned was exceeded. At Slaughterhouse
1, sediment yields were minimal in plots where 13% and 54% of
the area had been burned to mineral soil, moderate in a 36%
burned plot, and high in the 66% and 100% burned plots. At the
Slaughterhouse 2 site, no sediment yield was observed for plots
with up to 60% of the surface area burned, despite steep slopes.
The 100%-burned plot, had the highest erosion rates in this study.
Grismer and Hogan (2005) noted that larger average particle-sizes
in granitic soils led to greater infiltration capacities, but provide
high degrees of sediment availability for erosion. Croke et al.
(2001) also found that granite soil types can be highly erodible.

Scale is known to have a strong effect on experimental results.
Moving from a plot to hillslope scale, erosion rates can initially
increase as there become sufficient overland flow to trigger the
development of rills. However as scale increases, sediment sinks,
slope decreases, and areas of high infiltration become more likely,
acting to decrease sediment delivery (Boix-Fayos et al., 2006;
deVente and Poesen, 2005; Wagenbrenner and Robichaud, 2014).
By focusing on rill erosion simulation (water entering at the top
of the plot), rather than rainfall simulation (i.e. sprinklers) we were
able to examine a process typically operating at larger scales. Our
2 m � 5 m plot size is in accordance with results reported by
Robichaud et al. (2010) in which 4 m plot length was found to be
sufficient for rill simulation in a comparison of results from 2 m,
4 m, and 6 m lengths in forested areas similar to our study site.
We felt this size was sufficiently large to create rills and facilitate
the observation of patchiness effects on erosional processes. A lar-
ger plot size would have been logistically difficult as all water was
transported to the sites. Numerous observations made during the
experiment indicated rill formation was in fact occurring. It is
important to acknowledge that experiments conducted over longer
time periods, at hillslope scales, or using rainfall rather than rill
simulation would produce different sediment loading rates. How-
ever, plot-scale measurements provide a powerful way to analyze
local fluxes of water and sediment under controlled inputs
(Wainwright et al., 2000; Mathys et al., 2005).

4.3. Conclusions

The results of this experiment have immediate implications for
managers seeking to implement surface fuel reduction treatments
in areas where erosion is also a concern. The Lake Tahoe Basin
shares its fire management constraints with other locations with
extensive wildland-urban interface and issues involving air quality
(Quinn-Davidson and Varner, 2012). Where prescribed fire is not
an option, mechanical treatments that produce only low fuel loads
or are designed to distribute fuels in a patchy manner would do
less to increase fire hazard. To reduce wildfire spread, masticated
fuels can be constrained to patches or strips with the remainder
of the area with little or no fuel. Avoiding deep masticated fuels
can minimize the potential for damaging heat (cf. Busse et al.,
2005 <7.5 cm) in the event of a wildfire. Our results suggest that
masticated fuel applications that are 50–75% of depths found at
field sites measured in this study are still effective in controlling
erosion. Further research is needed to generate more specific
guidelines for percent bare soil in masticated fuel applications.
However, this study provides an important proof of concept, that
ground cover by masticated fuels need not cover 100% of the pro-
ject area to achieve erosion mitigation.

Where prescribed fire is an option for reducing fuel loads, man-
agers can develop burning prescriptions that lead to patchy burns.
Our results indicate that prescribed fires retaining >50% litter and
duff produce sufficient unburned islands to capture sediments
while simultaneously consuming sufficient fuel to reduce the prob-
ability of high fire severity. The ground cover percentage that we
found for prescribed burns was higher than that for masticated
fuels. We believe this is because areas where prescribed burns
were being conducted had lower litter and duff thicknesses, possi-
bly as a result of previous burns. This resulted in thinner organic
matter accumulations, less able to absorb runoff and control
erosion. Future research should explore the role of duff and litter
accumulation thickness on runoff more explicitly.

If patches of the landscape burned to the mineral soil surface
erode during a snowmelt runoff event, adjacent islands of
unburned litter retain the capacity to trap sediment and generate
infiltration. Fuel consumption by fires varies tremendously, depen-
dent on fuel moisture and fire weather. Burning when fuels are
moist limits fire intensity and increases heterogeneity of burn
severity (Fig.1; Martin and Sapsis, 1992; Knapp and Keeley,
2006). In the dry forests of the Sierra Nevada, burning prescriptions
can take advantage of the extended snowpack followed by a some-
what predictable dry season to create ideal conditions. Alterna-
tively, early fall rain and snow with intervening dry periods
might provide optimal conditions for creating a patchy burn
(Banwell et al., 2013).

These results offer promise for Lake Tahoe and other fire-prone
landscapes where fire hazard and erosion mitigation are seen as
conflicting objectives. We hope this work adds to the information
managers can draw on to take active steps towards creating a resi-
lient forest.
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