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ABSTRACT 

Understanding the effects of soil exposure in fuels treatments that balance fuel reduction 
and erosion control in the Tahoe Basin 

 

Nicolas M. Harrison 

The 2007 Angora Fire served as a stark reminder of the need for fuel reduction 

treatments in the Lake Tahoe Basin.  Concerns exist regarding the potential for fuels 

treatments to increase erosion rates and negatively affect the clarity of Lake Tahoe.  In 

my study snowmelt runoff simulation was conducted within the Lake Tahoe Basin in 16 

sites treated with mechanical mastication or prescribed fire.  Erosivity was measured in 

order to determine if a level of litter, duff, and woody fuel cover could be established that 

minimized fire spread and fireline intensity, while simultaneously trapping sediment and 

increasing infiltration.   

In this study, as little as 25% of the ground surface covered with masticated fuels 

over a duff layer was sufficient to mitigate erosion.  Prescribed fires characterized by 

heterogeneous patches of severe fire exposure resulted in the formation of unburned or 

less severely burned patches of surface fuel and duff, which mitigated erosion by 

increasing infiltration.  Considerable increases in sediment yield were observed in plots 

whose area was > 54% burned, with the highest total sediment yields occurring in the 66 

to 100% range.  The efficacy of the Watershed Erosion Prediction Program model 

(WEPP) was tested in predicting erosion due to snowmelt runoff in forested areas treated 

with mechanical mastication and prescribed fire.  Agreement between observed 

measurements of erosion and WEPP model predictions became stronger as the potential 
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for erosion in modeling scenarios (hillslopes that contained large areas of bare soil 

exposure) increased.  Field results and those derived through WEPP modeling suggest 

that erosion and wildfire severity can be simultaneously mitigated in the Lake Tahoe 

Basin through the use of masticated fuel reduction treatments that result in minimal, yet 

sufficient, amounts of surface cover to trap sediment and prescribed fires that reduce fuel 

loading while limiting areas of extreme burn severity.  
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INTRODUCTION  

Hillslope runoff from disturbed soils in burned landscapes is a major concern for 

land managers as fine suspended particles oftentimes transport nutrients that contribute to 

losses in water clarity (Goldman et al. 1989).  A prime example of this is in the Lake 

Tahoe Basin where, in the past 25 years, maintaining the clarity of Lake Tahoe has 

become an issue of the utmost importance (Grismer and Ellis 2006).  There is an 

increasing awareness of the consequences of land management decisions within the Basin 

that has fueled an influx of scientific research (Goldman 1988, Jassby et al. 1994, Swift et 

al. 2005) attempting to explain a 30% loss of clarity over the last three decades.  The 

social and economic priority of these efforts is rivaled only by the necessity to mitigate 

effects of wildland fire in and around the Lake Tahoe Basin.  Neary et al. (2004) 

described wildfire as the forest disturbance that possesses the greatest potential to change 

watershed conditions.  Efforts to minimize wildfire hazard can oftentimes conflict with 

those meant to reduce the potential for erosion (Shakesby et al. 1993).  Such is the case 

when managers choose to decrease surface or aerial fuels to diminish fireline intensity 

(the rate of heat energy released in a fire per unit time per unit length of fire front).  

Surface fuels limit erosion by reducing the occurrence overland flow processes, impeding 

the formation of rills, trapping sediment passing over the soil surface, and increasing 

infiltration rates.  Decreasing the amount of surface fuels on a landscape therefore has the 

potential to increase erosion.   

The development of effective erosion-control strategies has proven critical to 

preserving the pristine water clarity of Lake Tahoe, meeting total maximum daily load 
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standards (that limit the amount of pollutants that may enter the lake) and improving 

overall water quality (Grismer and Ellis 2006).  A standard approach to mitigate erosion 

involves the application of woody groundcover to soil surfaces.  Excess litter and wood 

located on the forest floor may indeed protect the soil in the short term but following a 

fire (either via wildfire or prescription) this same continuity results in a homogenous burn 

pattern that leaves hillslope systems prone to erosion.  This conundrum clearly illustrates 

the need for additional research that aims to balance erosion and fire hazard reduction 

objectives with forest and fuel management activities in the Lake Tahoe Basin and 

beyond into other fire-prone ecosystems. 

Mitigating wildland fire hazard is of the utmost importance within the Lake Tahoe 

Basin due to the extensive wildland-urban interface located around the lake (Safford et al. 

2009).  The 2007 Angora Fire in South Lake Tahoe, CA served as a stark reminder of the 

wide range of devastating effects a wildfire can exact on a human community as well as 

an ecosystem.  The wildfire burned 1254 ha of Jeffrey pine (Pinus jeffreyi) and mixed 

conifer forest consiting of ponderosa pine (Pinus ponderosa), sugar pine (Pinus 

lambertiana), white fir (Abies concolor), red fir (Abies magnifica), and incense-cedar 

(Calocedrus decurrens). The fire destroyed 254 residential and 75 commercial structures, 

and led to firefighting costs that exceeded $11 million (California Department of Forestry 

and Fire Protection 2011).   The Angora Fire burned at uncharacteristically high severity, 

caused by heavy fuels, strong winds, warm, dry weather, and unseasonably low fuel 

moistures (Safford et al. 2009).  Safford et al. (2009) measured fire effects on vegetation 

in treated and adjacent untreated areas within the Angora Fire perimeter immediately 

after and one year following the fire.  Antecedent fuel treatments were found to 
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substantially change fire behavior and subsequent fire effects to forest vegetation (lower 

instances of crown scorching and torching, higher rates of tree survival).  Along with 

numerous other studies (e.g., Weatherspoon and Skinner 1996, Graham et al. 2004, Agee 

and Skinner 2005) these results indicate that a fuel treatment of sufficient intensity can 

have a significant effect on wildfire behavior (reducing crown fires to surface fires) and 

hazard mitigation (protecting property and slowing fire spread).   

Surface fuel management can limit fireline intensity (Byram 1959) and reduce 

potential fire severity (Ryan and Noste 1985), yet some debate surrounds which fuels 

treatment method to implement.  Contemporary fuels management practices that reduce 

the threat of high-severity fire include forest thinnings, mechanical mastication fuel 

treatments, and prescribed fire.  Applying these principles to forests implies a four-part 

objective: reducing surface fuels, ladder fuels and crown density, and improving the 

resilience of residual trees (Agee and Skinner 2005).  Within the Lake Tahoe Basin, 

managers utilize all or some combination of these techniques in order to maintain or 

create fire-resilient forests. This study focused on two of these commonly applied 

approaches: prescribed fire and mechanical mastication. 

A wide range of manual and mechanical methods are available to reduce 

hazardous fuels on woodland properties.  Land managers in the Lake Tahoe Basin 

commonly choose to administer mechanical treatments that allow them to alter the 

structure and size of fuels without actually removing the small, unmerchantable material.  

Mastication is the process of converting live or dead standing biomass into surface fuel 

by chipping or breaking up larger pieces into smaller portions with a boom-mounted 

rotary blade or head (Kane et al. 2009).  Mechanical mastication may result in a 
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translocation of typically living shrub and midstory fuel beds, a decrease of standing 

biomass in the understory, a decrease of overstory density, or some combination of 

outcomes depending on specific objectives (Hatchett et al. 2006, Kane et al. 2009) 

(Figure 1).  Mastication prescriptions can take on a variety of forms depending on site 

characteristics and machine type.  While the potential for soil compaction has been noted 

as a possible negative consequence of mechanical mastication, research conducted by 

Hatchett et al. (2006) and Moghaddas and Stephens (2008) concluded that the possibility 

for compaction is less when machine operations are limited to areas where surfaces are 

already covered with a buffer of masticated fuel residues.    

 Prescribed fire is the deliberate application of fire to forest fuels under specified 

conditions such that a wide spectrum of well-defined management goals can be attained 

(Wade and Lunsford 1989, Fernandes and Botelho 2003).  Prescribed fire reduces the 

intensity of subsequent wildfire primarily by reducing fuel loads, especially of the finer 

elements in the more aerated fuel layers that govern fire spread (Rothermel 1972).  

Although the impacts of fuel management activities are oftentimes meant to be minimal, 

the removal of vegetation and the alteration of soil properties due to prescribed fire may 

affect site conditions and water quality (Robichaud et al. 2010).  The forest vegetation 

and litter that is targeted by prescribed fire regimes play a vital role in erosion mitigation 

by promoting high infiltration rates, lowering overland flow, and by protecting the soil 

from rainsplash (Robichaud 2000), resulting in runoff of minimal turbidity, low erosion 

rates, and low sediment yields (MacDonald and Stednick 2003, Robichaud et al. 2010). 

By burning in early season when fuels are moist (Knapp and Keeley 2006) and limiting  
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Figure 1.  Mastication treatments in the Lake Tahoe Basin, California and Nevada reduce stand density and produce a compact but 

continuous fuelbed.  Photo: J.Kane. 

5
 

 

 



 

6 

 

6 

fire intensity, burn severity becomes heterogeneous across landscapes (Martin and Sapsis 

1992) and can subsequently slow erosion and increase infiltration.  Landscapes where 

surfaces fuels are reduced through the use of a low-to-moderate-intensity prescribed fire 

can result in a patchy mosaic of burned and unburned ground cover (Figure 2).  If patches 

of the landscape burned to the soil surface erode during a snowmelt runoff event, 

adjacent islands of unburned litter retain the capacity to trap sediment and generate 

infiltration.  

Historically, Sierra Nevada mixed conifer forests exhibited a high degree of 

spatial heterogeneity and forest floor fuel discontinuity (Taylor 2004, Knapp and Keeley 

2006, Rocca 2009), which contributed to the resilience of stands to wildfire and limited 

the severity of erosion.  Fires are believed to have occurred frequently, resulting in low 

fuel loads and a patchy spread pattern (Swetnam 1993).   Fire intensities were 

predominantly low-to-moderate, with patchy areas of high intensity, promoting a greater 

diversity of flora and fauna vital to healthy forest regeneration (Kilgore 1973, Stephenson 

et al. 1991, Stephenson 1999).   

A half-century of fire suppression produced dramatic changes in the present day 

Sierra Nevada and allowed forest types to become prone to uncharacteristically severe 

wildfire (Parsons and Debenedetti 1979, Allen et al. 2002, Schoennagel et al. 2004, 

Hessburg et al. 2005, Donovan and Brown 2007).  Taylor (2004) compared contemporary 

forest traits to pre-European settlement conditions, illustrating how a reduction in fire 

frequency has led to increases in fuel accumulation and continuity, as well as a 

compositional shift to more fire-sensitive species. 
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Figure 2.  Forest floor after early-season prescribed broadcast burns in mixed conifer forest in Sequoia National Park.  Note patchiness 

of fuel consumption at multiple spatial scales. Photo: E. Knapp.
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Contemporary Jeffrey pine-white fir (Pinus jeffreyi-Abies concolor) forests have 

smaller trees, less structural variability, and greater overstory density and basal area than 

presettlement forests.  This morphology in forest structure coincided with the onset of 

organized fire suppression in Sierra Nevada forests (McKelvey and Busse 1996, North et 

al. 2009, Dolanc et al. 2012) including those in the Lake Tahoe Basin.  Additional land-

use changes (reductions in logging and the regulation of grazing) resulting from the 

induction of lands into the National Forest System in 1907 also produced structural 

changes in forest type (Taylor 2004).  

Mounting forest densities and lack of consumption by fire leads to increases in 

surface and aerial fuels, which escalate the probability that high-severity fires can 

become uniformly intense over large spatial scales (Perkins 1971, Miller and Urban 

2000).  The absence of burn patchiness in contemporary forests prevent the formation of 

unburned islands of groundcover that serve key functions as barriers that slow erosion 

and increase infiltration of runoff (Martin and Sapsis 1992).  Groundcover on the forest 

floor aids infiltration by obstructing overland flow, thereby increasing the frequency and 

depth of ponding, and by protecting the soil surface from compaction and sealing effects 

that can inhibit infiltration (Wilcox et al.1998, Bryan 1999).  Groundcover also protects 

against detachment and entrainment of soil particles by shielding the soil surface from 

direct transfer of kinetic energy from raindrops (interrill erosive forces) and from shear 

stress of overland flow (rill erosive forces) (Lane et al. 1997, Bryan 1999).  

Runoff and erosion can increase substantially following fire when the 

consumption of litter, duff, and understory vegetation exposes bare mineral soil.   If 

surficial organic matter at the soil surface is volatilized, hydrophobic conditions may 
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develop, increasing the susceptibility of soils to erosion by reducing infiltration capacity 

(DeBano 1981, Meeuwig 1971) and enhancing overland flow (McGhie and Posner 1981, 

Burch et al. 1989).  Research conducted by Johansen et al. (2001) highlights many of the 

general trends related to post-fire hydrologic response through the use of rainfall 

simulation.  Results from that study indicated that post-fire sediment yields increase non 

linearly as bare soil cover increases, with little increase in sediment yield when percent 

bare soil varies from 0 up to 70%.  Beyond this threshold, dramatic increases in sediment 

yields were found to occur.  Threshold-type responses of erosion-to-fire severity such as 

these appear to be functions primarily of reduction of groundcover and secondarily of 

changes in soil properties (DeBano et al. 1998).  

The effects that treatments such as mechanical mastication and prescribed fire can 

exact on forests can vary widely in terms of surface fuel reduction and erosion mitigation.  

Both treatment outcomes take significant precedence in the Lake Tahoe Basin, where the 

reduction of forest fuel loads will diminish wildland fire severity (Stephens 1998) and the 

mitigation of lake sedimentation will moderate overall lake clarity (Grismer and Ellis 

2006).  The role of organic matter remaining on the soil surface following mechanical 

mastication and prescribed fire is a vital component of both treatments.  

A quantitative analysis investigating the means to achieve this balance of 

treatment outcomes was the objective of this study.  Snowmelt runoff simulation was 

conducted within forested areas of the Lake Tahoe Basin treated with mechanical 

mastication and prescribed fire.  By correlating the observed erosion characteristics 

(sediment yields, particle diameters, and infiltration percentages) garnered from these 

experiments with detailed site depictions (fuel bed characteristics, soil properties, and 
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slope steepness), optimal levels of surface fuel retention were examined for mechanical 

mastication and prescribed fire treatments that meet fuel management goals while 

minimizing erosion.  The following hypotheses were tested: (1) treatments that are 

characterized by a significant amount of surface fuel left on site will result in quantifiably 

lower erosion rates than treatments that display substantial exposed soils conditions; and 

(2) patchily distributed surface fuels will result in less total runoff but greater total 

suspended sediment content than evenly dispersed surface fuels.  Experimental results 

were compared with predictions from the Watershed Erosion Prediction Project model 

(WEPP), a leading process-based, numerical hydrologic model based on the 

fundamentals of hydrologic and erosion science.  While numerous studies have tested the 

predictive ability of WEPP in gauging erosion potential due to rainfall within a variety of 

landscapes and at multiple scales (Wilcox et al. 1990, Laflen et al. 1991, Yu and 

Rosewell 2001, Covert et al. 2005, Pandey et al. 2008), few (Elliot et al. 1996) have 

examined the model’s efficacy in predicting erosion due to snowmelt runoff. Applying 

WEPP in areas of mountainous forest watersheds that have been treated with mechanical 

mastication or prescribed fire could allow land managers to predict the effect specific 

forest operations produce on surface hydrology.  The goals of this analysis were to (1) 

assess the effectiveness of WEPP in areas where geography and precipitation conditions 

are similar to those described within the experimental range of this study, and (2) provide 

specific criteria that may improve model performance under these circumstances.   
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STUDY SITE  

The Lake Tahoe Basin is situated near the crest of the Sierra Nevada at an 

elevation of 1,900 meters at the lake and 2,700 meters at the top of the watershed (Coats 

et al. 1976).   The majority of average annual total precipitation (80 cm) falls as snow and 

occurs between November and April (Western Regional Climate Center 2010). Annual 

snowmelt primarily occurs in the late spring to early summer, which, along with periodic 

rainstorms, can lead to dramatic flood events.  The Basin encompasses an 800 km
2
 

forested watershed that is drained by 63 small streams (Hyne et al. 1972, Goldman 1988).  

Total area within the Basin encompasses 1,363 km
2
.  Lake Tahoe is a large, deep, 

oligotrophic, sub-alpine lake with a mean depth of 333 m, and a maximum depth of 499 

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). 

Within the Lake Tahoe Basin, 90% of precipitation within a normal water year is 

derived from snow, making annual snowmelt critical in terms of sediment and nutrient 

transport (Leonard et al. 1979).  In mountainous watersheds such as the Lake Tahoe 

Basin, snowmelt recharge to shallow groundwater systems is the primary source of 

sustained streamflow (Kattelman 1989).  As soils become saturated, overland flow is 

initiated, which can lead to rilling and subsequent erosion under certain conditions, 

particularly in the case of exposed or disturbed soils (Haupt 1967).  While there have 

been abundant studies linking simulated rainfall rates to erosion potential in the Lake 

Tahoe Basin (Grismer and Hogan 2005, Naslas et al. 1994), the erosive implications of
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snowmelt runoff is less understood.  Areas in the Basin altered by fuels management, 

exposure to wildfire, or both, have become increasingly common in recent years.  With 

snow the dominant contributor to total precipitation in the Lake Tahoe Basin, 

understanding the erosive potential of snowmelt processes in these locations is essential. 

Research was conducted in 16 forested sites throughout the Lake Tahoe Basin, 

eight of which were positioned in areas where recent mastication treatments occurred and 

eight where prescribed fires occurred (Tables 1 and 2).  The timeframe in which research 

for this study was conducted was limited to two summers, and the availability of 

locations that met the specific criteria for this study were somewhat restricted.  Therefore 

the research sites chosen for this study represented all areas of the Lake Tahoe Basin that 

met research criteria at the time and were not randomly selected from an available pool.  

In addition to having been treated with mechanical mastication or prescribed fire within 

the Lake Tahoe Basin, all sites selected required moderate to steep slope steepness (15 to 

48%) so that runoff could be potentially generated within plots.  Research sites were 

located on all sides of Lake Tahoe so that different substrates were equally represented 

and findings could be applied to areas within the entire Lake Tahoe Basin likely to be 

treated with mechanical mastication or prescribed fire.  Research sites contained typical 

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).  

Rainfall simulation conducted by Grismer and Hogan (2005) showed that overall 

hillslope runoff rates, sediment concentrations, and sediment yields in the Lake Tahoe 

Basin were greater on sites with disturbed volcanic soils than on sites with disturbed  
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Table 1.  Treatment type, treatment date, and simulation date for masticated and 

prescribed fire sites in the Lake Tahoe Basin, California and Nevada.  “Broadcast 

Burn” prescribed fire treatments involved the controlled application of low-intensity 

fire to fuels under specified environmental conditions that allowed the fire to be 

confined to a predetermined area.   “Pile Burn with creep” were prescribed fire 

treatments where surface fuels were stacked into piles and allowed to cure prior to 

ignition.  Once ignited, the fire from the piles was allowed to “creep”, or burn 

through the duff and litter that surrounds the piles for a short distance.  It was within 

these perimeters where snowmelt runoff simulation occurred. 

 

Site Treatment Type Treatment Date Simulation Date 

Skyland Mastication July 2008 July 2009 

 Round Hill Mastication July 2009 June 2009 

 Angora Mastication 
September 

2007 
June 2009 

 Bliss Mastication 
November 

2008 
August 2009 

 Inspiration  Mastication 
November 

2008 
August 2009 

 Ward Mastication 
July-October 

2008 
September 2009 

Chamonix Mastication 
Fall 2008, Fall 

2009 
August 2010 

Granlibakken Mastication Fall 2009 August 2010 

 Incline 1 
Prescribed Fire – 

Broadcast Burn 
June 2010 June 2010 

 Incline 2 
Prescribed Fire – 

Broadcast Burn 
June 2010 June 2010 

Burton 1 
Prescribed Fire - Pile 

Burn w/ creep 
October 2009 June 2010 

Burton 2 
Prescribed Fire – Pile 

Burn w/ creep 
October 2009 June 2010 

Slaughterhouse 

1 

Prescribed Fire – Pile 

Burn w/ creep 
April 2010 July 2010 

Slaughterhouse 

2 

Prescribed Fire – Pile 

Burn w/ creep 
April 2010 July 2010 

Dollar 1 
Prescribed Fire – Pile 

Burn w/ creep 
June 2009 July 2010 

Dollar 2 
Prescribed Fire – Pile 

Burn w/ creep 
June 2009 August 2010 
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Table 2. Average plot slopes, soil characteristics, and dominant forest overstories for all 

masticated and prescribed fire sites in the Lake Tahoe Basin, California and Nevada.  

Overstory key: PIJE = Jeffrey pine (Pinus jeffreyi); PIPO = ponderosa pine (Pinus 

ponderosa); PILA = sugar pine (Pinus lambertiana); ABCO = white fir (Abies 

concolor); ABMA = red fir (Abies magnifica); CADE = incense-cedar (Calocedrus 

decurrens).   

Site 
Average Slope 

(%) 

Dominant Soil 

Type 

Granitic or 

Volcanic 

Soils 

Overstory 

Skyland 21 Cassenai-Cagwin Granitic PIJE 

 Round Hill 24 Cassenai-Cagwin Granitic PIJE 

 Angora 15 
Rock Outcrop-

Meeks 
Granitic 

ABCO, PIJE, 

ABMA 

 Bliss 19 Cassenai-Cagwin Granitic 
ABCO, PIJE, 

CADE, PILA 

 Inspiration  24 Dagget-Tempo Granitic 
ABCO, PIJE, 

CADE, PILA 

 Ward 27 Paige-Kneeridge Volcanic 
ABCO, PIJE, 

PIPO 

Chamonix 25 Paige medial Volcanic 
ABCO, PIJE, 

PIPO 

Granlibakken 25 Jorge-Tahoma Volcanic 
ABCO, PIJE, 

PIPO 

 Incline 1 38 Jorge-Tahoma Volcanic 
ABCO, PIJE, 

PIPO 

 Incline 2 38 Jorge-Tahoma Volcanic 
ABCO, PIJE, 

PIPO 

Burton 1 23 Jorge-Tahoma Volcanic ABCO, PIJE 

Burton 2 23 Jorge-Tahoma Volcanic ABCO, PIJE 

Slaughterhouse 

1 
35 Cassenai-Cagwin Granitic ABCO, PIJE 

Slaughterhouse 

2 
34 Cassenai-Cagwin Granitic ABCO, PIJE 

Dollar 1 28 Jorge-Tahoma Volcanic 
ABCO, 

ABMA 

Dollar 2 24 Jorge-Tahoma Volcanic 

ABCO, 

ABMA, 

PIMO 
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granitic soils.  All sites were dominated by a mixed conifer forest consisting of Jeffrey 

pine, ponderosa pine, sugar pine, white fir, red fir, and incense-cedar along with a mixed 

shrub understory consisting of huckleberry oak (Quercus vacciniifolia), greenleaf 

manzanita (Arctostaphylos patula), mountain whitethorn (Ceanothus cordulatus), and 

mountain sagebrush (Artemisia tridentata). 
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MATERIALS AND METHODS 

Snowmelt runoff simulations were performed within 5!2 meter plots located on 

eight masticated sites and eight prescribed burn sites within the Lake Tahoe Basin.  Each 

plot contained a unique treatment with respect to thickness and spatial distribution of 

forest litter or masticated activity fuels.  In masticated sites, treatments compared erosion 

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.  Within masticated sites, the 

majority of initial site characterization was a part of a wider research effort conducted by 

cooperating researchers (J.M. Varner and E. Banwell) that examined forest floor 

characteristics and moisture dynamics in Jeffrey-pine-white fir forests of the Lake Tahoe 

Basin.  Within prescribed fire sites, a point sampling method was utilized along each plot 

surface that estimated the specific amount of 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), in which a rectangular perimeter is established that encompasses 

all plots within each site.  The area of the sampling perimeter varied by site and was 

dependent on the spatial distribution of plots within each site.  This perimeter was 

divided into four equally sized quadrants where soils data were collected in each quadrant 

center.  The fifth sample point was located at the intersection of all four quadrants  
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(Figure 3).  At each sample point, field bulk density, hydraulic conductivity, and 

volumetric water content were measured through the use of a field core-sampler, Mini-

Disc Infiltrometer (Decagon Devices, Inc., Pullman, WA) and a Hydrosense Portable 

Moisture Probe (Decagon Devices, Inc., Pullman, WA), respectively (see Appendix A for 

a complete description of these methodologies).  

Plot Design and Characterization: Masticated Sites 

Each 5!2 meter plot contained a fuel treatment in which masticated activity fuels 

were manipulated by varying either thickness or spatial distribution.  In this way 

treatments in each site were organized into two groups: patchy fuel removal within five 

plots and even fuel redistribution within four plots.   

Five “patchy removal” plots were designed within each site to approximate 

different percentages of bare mineral soil exposure to sediment yield.  These treatments 

evaluated sediment retention efficacy in treatments characterized by complete bare 

mineral soil exposure, varying degrees of patchily distributed fuels, and complete surface 

fuel preservation.  Two treatments acted as controls for this group: (1) plots where 100% 

of surface fuel and duff were removed; and (2) plots where surface fuel and duff 

remained undisturbed.   The three remaining treatments involved complete surface fuel 

and duff removal from (1) the upper 25% of the plot; (2) the upper 50% of the plot; and 

(3) the upper 75% of the plot (Figure 4).  The duff layer depth, litter layer depth, and 

surface fuel height of the masticated areas in each plot were measured at multiple sample 

points prior to fuel removal.   

 

 



 

18 

 

18 

 
 

Figure 3.  Quadrant design utilized in the collection of soil data per masticated and 

prescribed fire sites in the Lake Tahoe Basin, California and Nevada.  Dimensions of 

the sampling area were site-specific.  Each ! represents one soil sampling point (n= 

5).
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Figure 4. Design and dimensions of “patchy removal” plots, where treatments were characterized by varying amount of bare soil 

exposure in masticated sites in the Lake Tahoe Basin, California and Nevada. 

1
9
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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. 

Four “uniform fuel redistribution” plots were designed within each site to 

approximate varying loads of surface fuel redistribution to sediment yield.  Runoff 

simulation within these plots explored a threshold between the amount of masticated 

surface fuel loads and erosion.  A plot was initially placed in an area where the forest 

floor was relatively uniform.  Fuel loading within the area of this plot best represented 

conditions observed across the site in terms of the distribution of surface fuels.  All fuel, 

litter, and duff were carefully removed from this representative plot, litter and duff were 

discarded, and surface fuels were weighed with a field scale.  Only surface fuels were 

redistributed back onto the representative plot in a uniform manner.  The total mass of 

surface fuel within this representative plot served as a reference mass for each additional 

fuel removal treatment.  Identical procedures within the three remaining plots involved 

the removal of all surface fuel, litter, and duff, but redistributing only a proportion (25%, 

50%, or 75%) of surface fuel to the reference mass onto plot surfaces. While the amount 

of fuel varied between treatments, fuels were continuous in all treatments (Figure 5).  

This experiment tested the amount of masticated fuel necessary to mitigate erosion 

without the aid of litter and duff.  Fuel depth (comprising the distance from the top of 

surface fuels to the top of the bare mineral soil layer) was measured prior to the erosion 

simulations at multiple sample points within all “uniform fuel redistribution” treatments.
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Figure 5.  Design and dimension of “uniform fuel redistribution” plots where treatments were characterized by varying amounts of 

surface fuel redistribution within masticated sites in the Lake Tahoe Basin, California and Nevada.  The amount surface fuel 

redistributed onto each plot surface was in proportion (25%, 50%, 75%, and 100%) to mass of surface fuel measured on the 

control plot. 2
1
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Plot Design and Characterization: Prescribed Fire Sites 

Six 5!2 meter plots that varied in fuel consumption and patchiness were 

established at each of the eight prescribed fire sites.  The boundaries for each plot were 

selected to encompass spatial distributions of burn patchiness that represented possible 

treatment outcomes derived from low intensity broadcast burns or pile burns where fires 

had burned through the duff and litter outside of the pile for a short distance.  Unlike 

plots in masticated sites, fuel and duff located within prescribed fire plots were not 

manipulated.  Two treatments served as control treatments on these sites: (1) one plot 

placed in a completely unburned area and (2) one plot where 100% of available fuel and 

duff were consumed by fire.  Depending on site-specific burn patterns, the remaining four 

treatments were located in plots in areas where fire had consumed 0-25%, 25-50%, 50-

75% or 75-100% of surface fuels and duff, exposing varying degrees of bare soil.  

The specific amount of bare mineral soil exposure and the distribution and depth 

of cover within each plot were estimated by a point quadrat method similar to the 

vegetation analysis procedure introduced by Levy and Madden (1933).  Cover type and 

depth were classified at each sampling point (n = 90) (Figure 6) (See Appendix A for a 

complete description of these methodologies).  Cover types assigned to each sampling 

point consisted of “ash” (consumption of all available fuels resulted in an ash deposit), 

“bare mineral soil” (consumption of all available fuels resulted in full bare soil exposure), 

“unburned” (fuels at the sampling point untouched by fire), “incomplete burn” 

(incompletely burned or scorched fuels display some retention of structure and form) or
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Figure 6. Illustration depicting the PVC grid (1m
2
, 1” diameter) utilized in pre-runoff simulation plot characterization in all plots 

within prescribed fire sites in the Lake Tahoe Basin, California and Nevada.  At each of the nine intersections of string, surface 

cover type was classified and litter and duff depths were recorded.  Sampling point 1 depicts an area that would be labeled “bare 

mineral soil”.  Sample point 6 depicts an area that would be labeled “incomplete burn” as fuel within the sampling point, while 

scorched, displays retention of structure and form. 2
3
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 “incomplete/ash” (ash deposits combine with scorched needle cast).  Extrapolating these 

data allow for estimates regarding the type, amount, and depth of organic matter in each 

plot.  An arbitrary index of burn severity was established within each plot using the 

equation below: 

  B  =  (b + a + (.5 * ia )  /  n  ) * 100            (1) 

where B is the estimated 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 severity to instigate erosion, 

and therefore assigned a limited (but arbitrary) contribution 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 form and may have mitigated erosion 

rather than exacerbate it.  

 Runoff Simulation 

 Runoff simulation and collection within masticated and prescribed fire sites were 

conducted in an identical manner and utilized the same instrumentation.  Each plot 

received three 12-minute periods of concentrated flow released by a runoff simulator at 

15 L min
-1

.  These three periods, or “runs”, were necessary to evaluate armoring – the 
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extent to which erosion rates are reduced as fine material is flushed away from the soil 

surface by overland flows (Morris and Moses 1987) and to make certain that the soil was 

saturated and a first flush of material was not solely being measured.   

Water was transported to each site with large capacity water bladders, transferred 

into smaller capacity storage tanks, and pumped into a constant-level container (Figure 

7). The constant-level container introduced water directly to the runoff simulator, which 

applied water at a rate of 15 L min
-1

 onto the plot surface as even sheetflow.  At the lower 

end of the each plot, a triangular collection apron placed on the bare soil surface collected 

runoff that traveled through the plot via overland and subsurface flow.  A thin layer of 

bentonite clay, a waterproof silicate, was molded underneath the top edge of the apron to 

serve as a barrier to flows passing between the collector and the soil surface.  The sheet- 

metal apron was shaped and positioned in such a way that water would enter, glide down 

the narrowing frame, and quickly fall into labeled collection buckets and sub-sample 

containers.  A detailed description of the runoff simulator, the collection apron, and 

general runoff simulation methodology can be found in the Appendix A, Methodologies.   

Runoff Collection 

Labeled and tared 20 L collection buckets were arranged below the collection 

apron along with labeled 500 mL and 175 mL Nalgene bottles that served as sub-sample 

collection containers.  Time of the run was monitored with a stopwatch and stopwatch 

time was recorded if/when flows reached the midpoint of the plot.  If water failed to 

reach the collection apron within the twelve-minute window the respective run was 
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Figure 7. Flow chart depicting runoff simulation methodology.  2
6
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labeled “No Collection/100% infiltration”.  If water did reach the collection apron within 

the twelve-minute timeframe, the following protocol was followed: (1) stopwatch time 

was recorded when flows reached the collection apron and began to fall into the first 

collection bucket; (2) thirty seconds after flows began to fill the first collection bucket, 

sub-samples were collected in 500 mL and 175 mL Nalgene bottles that would later be 

evaluated for sediment content, with stopwatch times being recorded per collection;  (3) 

each collection bucket was filled for one minute then replaced by a subsequent bucket; 

(4) sub-sample collections occurred at every three-minute interval following the first  

sub-sample collection; (5) once the twelve minutes had expired, the flow gauge was 

closed and the generator was turned off, which halted any additional water passing 

through the runoff simulator.  Any remaining flows through the plot continued to be 

collected, and buckets and sub-sample containers were replaced under the same 

guidelines as above; (7) once all water ceased to flow off the collection apron, the run 

was considered over and the end time recorded; (8) weights of all collection buckets 

employed for collection were recorded through the use of a field scale and all sub-sample 

containers that were utilized were stored for post-processing analysis.  This procedure 

was repeated two more times within each plot for a total of three runs.  Standardizing the 

amount of time between each run was not possible due to differences in the amount of 

runoff collection garnered per run, per plot, and per site.  Typically, 10-15 minutes would 

lapse between each run, but this was dependent on the time required to weigh and record 

runoff volumes from the previous run, as well as any mandatory plot adjustments or 

equipment modifications.  This protocol comprised the primary methods utilized in the 

field for both masticated and prescribed burn plots. 
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Sample Processing and Data Analysis 

Analysis for masticated and prescribed fire sites included measurements of 

infiltration, total runoff, and total suspended sediment (TSS) content in subsample runoff 

collection.  Infiltration was determined by calculating the difference between total 

applied water via the runoff simulator and the total amount of runoff collected and 

therefore included initial surface storage capacity and evaporation. Subsample TSS was 

determined by decanting each 500 mL runoff subsample through a 1.0 mm screen (to 

remove larger organic matter) and vacuum filtration through a porcelain Büchner funnel 

fitted with a Whatman 1.0 !m fiber filter.  Collected sediment was oven-dried at 105º C 

and weighed.  175 mL 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 !m, <100 !m, <10 !m, and <1 !m.  

In both masticated and prescribed fire sites, total sediment yield from each plot 

was estimated from runoff and subsample TSS data.  Total runoff collected for each time 

interval of runoff simulation was estimated using the equation:  

Ri = Ai + Bi + Ci    [L]            (2)   

where Ri is the total runoff collected for time interval i, Ai is the 20 L collection bucket 

volume for time interval i, Bi is the 500 mL subsample volume for time interval i, and Ci 
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is the 175 mL subsample volume for time interval i.  TSS was estimated for each time 

interval of runoff simulation was estimated using the equation: 

 TSSb = Bm / Bi  [mg/L]                        (3)  

where TSSb is total suspended solid amount for 500 mL subsample b and Bm is the 

sediment mass derived from vacuum filtration of 500 mL subsample b.  Total sediment 

yield for each time interval of runoff simulation was estimated using the equation: 

 Si = TSSb ! Ri  [mg]             (4)  

where Si is the total sediment yield for time interval i  and Ri is the total runoff collected 

for time interval i.  Total sediment yield for each experimental run was estimated using 

the equation: 

  [mg]             (5) 

where Sr is the total sediment yield for experimental run r and k is the number of intervals 

recorded for that run (typically 12) .  Total sediment yield was estimated for each plot 

using the equation: 

   [mg]             (6) 

where Sp is the total sediment yield estimated for plot p.  Linear interpolation was 

necessary to determine TSS values for time intervals that lay between 500 mL subsample 

runoff collection in order to provide a continuous record for the estimate Sp.  This was 

executed with Lintrp 1.4, a macro developed by Lehre (personal communication, A. 

Lehre 2011.  Humboldt State University, 1 Harpst St., Arcata, CA 95521) that estimates 

values between data points in a time series. 
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For masticated sites, a three-factor analysis of variance (ANOVA) was performed 

(Zar 1999) using a linear model to determine if site, slope, and treatment condition 

significantly influenced (!< 0.05) total sediment discharged.  Sequential sum of squares 

was used to remove the effects of site and slope and test for significant differences in 

sediment 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 (! = 0.05) total sediment 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 

treatments that garnered no sediment yield (i.e. contained zero values) could be 

transformed.  All statistical analysis regarding ANOVA analysis was conducted using 

Minitab software (Minitab Inc., Version 15.1, 2007).  For prescribed fire sites, system 

tools within NCSS software (NCSS LLC, Version 1, 2007) were utilized to fit a 

piecewise polynomial curve to data and determine an exact breakpoint from which an 

erosion threshold could be estimated.   

 

 



 

31 

 

31 

WEPP Modeling 

Experimental results garnered from runoff simulation in masticated and 

prescribed fire sites were compared to model predictions generated by the Watershed 

Erosion Prediction Project (WEPP), a process-based, spatially distributed erosion 

prediction model that simulates important physical processes impacting the detachment, 

transport, and deposition of sediment by rainfall and flowing water (Laflen et al. 1991, 

Flanagan et al. 1997, Flanagan et al. 2007).  The latest release of the model is version 

2010.1, in January 2010.  The WEPP system involves user interface programs and 

nationwide databases for climate, soils, and land management.  Geospatial interfaces are 

available for watersheds for which detailed geo-referenced topographic, soils, and land-

use information are accessible, including GeoWEPP (Renschler et al. 2002, Renschler 

2003) which is an ArcView/ArcGIS extension.   

Previous studies have compared WEPP predictions of runoff and erosion to 

measured data at the watershed scale (Laflen et al. 1991, Covert et al. 2005, Pandey et al. 

2008), at the hillslope scale (Elliot et al. 1996, Soto and Díaz-Fierros 1998, Yu and 

Rosewell 2001), and against the results of other leading hydrologic models such as the 

Universal Soil Loss Equation (Laflen et al. 1991).  WEPP has also been subjected to 

sensitivity analysis that has evaluated model response relative to changes in input 

parameters (Nearing et al. 1990).  Comparing experimentally derived sediment yields 

from this study to WEPP predictions of erosion tested the efficacy of the model to predict 

erosion due to snowmelt runoff in highly managed, mountainous watersheds such as the 

Lake Tahoe Basin.   
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In both masticated and prescribed fire sites, experimental results were modeled 

within WEPP on a plot-by-plot basis with the treatment plot as the unit of prediction.  

Slope inputs were unique to each experimental plot and uniform throughout the model 

hillslope.  All plot models contained identical climate inputs, total hillslope lengths, 

hillslope widths, and an initial overland flow element (OFE) ! a specified section of the 

hillslope with a region of homogenous soils and management parameters (Bowen et al. 

1997) (Appendix C, Table 10).  The “pavement” management and soil type parameter 

was assigned to OFE 1 for all hillslope models, a novel method that was intended to sync 

model processes to the way in which water was applied to the experimental plots of the 

study.  The model would “rain” onto the hillslope, causing water to hit the impermeable 

pavement surface and flow downslope onto the top of the plot and interact with 

individual surface fuel conditions, just as flows from the runoff simulator were applied to 

plot surfaces in the field.  In both masticated and prescribed fire models, canopy cover 

values on OFE 1 sections were set to 0%, ensuring that all rainfall generated by the 

model would reach the pavement layer and flow downslope, and canopy cover values on 

all OFE sections below OFE 1 were set to 100%, in order to protect plot surfaces from 

receiving rainfall that might have resulted in unintended interrill erosion.   

In masticated sites, patchy treatments were modeled with two additional OFE segments 

that began immediately downslope of OFE 1.  These two segments were modified 

GeoWEPP parameters that received overland flows derived from experimental runoff 

simulation (Appendix C, Table 13).  By setting initial rill and interrill cover values to 0%, 

OFE 2 was the defined section of the hillslope that represented bare soil exposure.  Below 

OFE 2, OFE 3 was the defined section of the hillslope that represented a masticated fuel 
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layer. This section tested how much surface fuel was necessary to capture sediments 

generated from flows passing over OFE 2 (Figure 8).  Initial rill and interril cover values 

in this section were set to 100%, representing uniform cover of surface fuel.  All 

management parameter inputs were constant across sites for both OFE sections except for 

variations in bulk density and rill spacing inputs (the amount of space between rills 

following runoff simulation), which varied with site and experimental results, 

respectively.  Individual segment lengths of each OFE 2 and OFE 3 section varied with 

each modeled treatment but always totaled 5 meters.  Both OFE sections shared one soil 

parameter that was unique to each site, assigned in accordance to measured soil textures 

and effective hydraulic conductivities.  Applying measured soil texture and hydraulic 

conductivity values per site similarly refined default WEPP “forest” soil parameters.  

Modeled hillslopes for prescribed fire sites contained two OFE sections – the OFE 1 

“pavement” section followed by a 5 ! 2 m OFE 2 section that represented a burn pattern 

unique to each experimental plot (Figure 9).  The parameterization of OFE 2 was based 

on the percentage of plot area burned, a measurement quantified through pre-runoff 

simulation quadrat analysis.  Default GeoWEPP management parameters for varying 

burn severities (Table 5) were modified by adjusting initial rill and interill cover values to 

resemble quantified plot burn patterns.  Default WEPP soil parameters for disturbed 

sandy loam soils were utilized and modified on a site and individual plot basis by 

adjusting effective hydraulic conductivity and burn severity, respectively. The model 

defines burn severity in these soil types primarily through values of rill erodibility and to 

a lesser extent effective hydraulic conductivity. Since estimates of hydraulic conductivity 

were measured on-site, these values could be entered into the default soil parameters. 
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Figure 8.  Illustration of the WEPP hillslope model constructed to simulate snowmelt runoff performed on a masticated “patchy 

removal” plot where the treatment is characterized by 50% soil exposure.  Overland Flow Elements 2 (exposed soil) and 3 

(masticated surface fuel) are set to 100%, allowing for precipitation to contact only Overland Flow Element 1 (a uniform 

pavement layer), where canopy cover values are set to 0%.  Segment lengths of Overland Flow Elements 2 and 3 varied by the 

masticated fuel treatment that was modeled. 3
4
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Figure 9. Illustration of the WEPP hillslope model constructed to simulate snowmelt runoff performed on prescribed fire plots.  Rain 

falls onto Overland Flow Element 1 (a uniform pavement layer with 0% canopy cover) and overland flows are generated that 

travel downslope to Overland Flow Element 2 (the burned plot surface with 100% canopy cover).  Overland Flow Element 2 is 

characterized by varying burn severities specific to each field plot.     3
5
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The WEPP model provides soil types that mimic exposure to three levels of post-fire 

burn severity: “low”, “medium”, and “high”.   Experimental plots that displayed >75% 

area burned were modeled with WEPP disturbed “high-severity” soil types, plots that 

displayed 45%-74% area burned were modeled with WEPP disturbed “moderate-

severity” soil types, and plots that displayed 0%-44% area burned were modeled with 

WEPP disturbed “low-severity” soil types. Groupings were based on burn severity 

classification described in past work by Wells et al. (1979), Ryan and Noste (1985), 

Robichaud (2000), and Ice et al. (2004).  Wells (1979) and Ryan and Noste (1985) 

described ways to visually characterize postburn ground characteristics in small plots by 

providing indices of ground char that range from “light” (<15% of the area moderately 

charred), to “moderate” (<10% of the area deeply charred and >15% moderately charred) 

to “heavy” (>10% of the area deeply charred and >80% moderately or deeply charred).  

Robichaud (2000) categorized burn severity in 1!1m rainfall simulation plots as “low” 

when 65-100% ground cover remained following prescribed fire and “high” when 0-65% 

ground cover remained.  Ice et al. (2004) provided categories that can be utilized to 

visually estimate burn severity based on the amount of post-fire ground char, litter 

consumption, water repellency, and ash.  

Sediment yields predicted by WEPP in both masticated and prescribed fire sites 

were evaluated against observed runoff simulation data.  Linear regression was utilized to 

indicate how well predicted data matched observed data.  The slope indicates the relative 

relationship between estimates of sediment yield garnered through WEPP modeling and 

those measured through field experiments. The y-intercept indicates the presence of a lag 

or lead between model predictions and measured data or that the datasets were not 
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perfectly aligned (Morasi 2007). A slope of 1 and y-intercept of 0 indicates that the 

model perfectly reproduces the magnitudes of measured data (Willmot 1981).  Model 

error was assed using via index of agreement and Root Mean Squared Error (RMSE) 

statistics.  The index of agreement d proposed by Willmot (1981) is a dimensionless 

value that represents the ratio of the mean squared error and the potential error (Willmot 

1984), giving an overall assessment of prediction accuracy (Covert et al. 2005).  The 

index of agreement d is defined as:  

               (7) 

where Oi is the ith observed value, Pi is the ith predicted value, and o is the mean of the 

observed values.  Resulting d values range from 0.0 (indicating no correlation) to 1.0 

(indicating a perfect fit).  Root Mean Squared Error (RMSE) is an additional index that 

serves to aggregate residuals between observed measurements and model predictions into 

a single measure of predictive power (Willmott et al. 1985).  RMSE is defined as: 

                (8) 

where Oi is the ith observed value and Pi is the ith predicted value summed over n, the 

total number of plots being evaluated. 
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RESULTS 

Runoff Simulation in Masticated and Prescribed Fire Sites 

In masticated sites, total post-runoff sediment yields were greatest in treatments 

characterized by complete soil exposure and lowest in treatments characterized by 

complete surface fuel retention (Figure 10).  Within “uniform fuel redistribution” 

treatments, average sediment yields were highest in plots where 25% of surface fuels 

were redistributed (0.50 kg) and lowest in plots where 100% of surface fuels were 

redistributed (0.03 kg).  As the amount of surface fuel redistribution increased from 25% 

to 50% within plots, average sediment yield decreased by 83%, yet the average amount of 

erosion in 25% “uniform fuel redistribution” treatments was 44% less than in plots with 

100% bare soil exposure.  Average sediment yield in 50% (0.09 kg) and 75% (0.06 kg) 

“uniform fuel redistribution” treatments was not significantly different.  In “patchy fuel 

removal” treatments, average sediment yield was relatively similar in plots characterized 

by 50% and 75% bare soil exposure, but both were approximately 97% lower relative to 

average sediment yields garnered from plots characterized by 100% bare soil exposure.   

Analysis indicated that “uniform fuel redistribution” and “patchy fuel removal” treatment 

types were highly significant predictors of sediment yields (P < 0.001) and that there 

were significant differences among the eight masticated sites (P = 0.011).  Slope (range = 

12% to 33%) was not a significant predictor of total sediment yield (P = 0.791). A post-

hoc Tukey test indicated that mean sediment yields in “patchy removal” treatments 

characterized by 25% soil exposure and 0% soil exposure were significantly different (p 

< 0.05) from the mean sediment yields measured in all other treatments (Figure 10).   
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Figure 10.  Box-and-whisker plots indicating sediment yields generated from all “patchy removal” and “uniform fuel redistribution” 

treatments on masticated sites in the Lake Tahoe Basin, California and Nevada.  Treatments with different letters have 

significantly different means at P ! 0.05 (Tukey-Kramer).
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Mean depth to bare mineral soil was lower in “uniform fuel redistribution” 

treatments (6.30 cm) than in 0%, 25%, 50%, and 75% “patchy removal” treatments 

(15.01 cm).  Fuel depth among “uniform fuel redistribution” treatments was greatest at 

the Chamonix (9.88 cm) and Inspiration Point (8.06 cm) sites and the lowest at the 

Granlibakken (4.05 cm) and Bliss sites (4.40 cm).  Across all sites, mean fuel depth 

increased linearly with increased amounts of surface fuel redistribution among “uniform 

fuel redistribution” treatments.  Mean depth to bare mineral soil in all “patchy removal” 

treatments was greatest at the Inspiration Point site (22.23 cm) and lowest at the Angora 

site (9.65 cm).  Across all sites, mean depth to bare mineral soil was highest in “patchy 

removal” treatments with 50% soil exposure (16.51 cm) and lowest in treatments with 

75% bare soil exposure (13.78 cm).  This was a random chance difference across sites, as 

fuels were not altered within plot areas where depth measurements were estimated.   

In prescribed fire sites, percentages of area burned varied among plots, ranging 

from 0% to 100%.  Piecewise-polynomial regression indicated a positive relationship 

between percentages of plot area burned and total sediment yield (R
2
 = 0.32).  

Considerable increases in sediment yield occurred within plots with >54% of plot area 

burned (Figure 11), suggesting a threshold for erosion in terms of surface exposure to 

prescribed fire.  The highest sediment totals occurred in the 66% to 100% range.  The 

ANOVA indicated that plot area burn percentage was a highly significant predictor of 

total sediment yield (P < 0.001).  Slopes (range = 20% to 48%) were not significant 

predictors of sediment yield (P = 0.693).  The variable “site” had greater influence on 

sediment yield than did “slope”, but “site” was still not a significant predictor of erosion 

(P =0.0886).
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Figure 11.  Percentage of plot area burned vs. sediment yield (kg) with prescribed fire sites of the Lake Tahoe Basin, California and 

Nevada.  Data is fit with piecewise polynomial regression (R
2
 = 0.32).  Significant increases in erosion occurred within plots with 

areas > 54% burned.  4
1
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WEPP Modeling 

 Sediment yield predictions derived from WEPP were compared to 

experimental sediment yields in order to test the efficacy of the model in predicting 

erosion due to snowmelt runoff in forested areas of the Lake Tahoe Basin that have been 

treated with mastication or prescribed fire fuel reduction techniques.  On average, WEPP 

over-predicted erosion in treatments within masticated sites (Figure 12), and the amount 

of WEPP-predicted sediment yield rose linearly as the amount of soil exposure increased 

within plots (Figure 13).  The total index of agreement d-value calculated between mean 

observed sediment yields and mean predicted sediment yields in all masticated “patchy 

removal” plots was 0.47, indicating a moderate-to-weak level of model accuracy.  

Observed and predicted sediment yields were grouped into categories based on the 

masticated “patchy removal” treatment in which they occurred. Within these groups the 

most accurate model predictions occurred in plots with 100% bare mineral soil exposure 

(Table 3).  This is reflected in a relatively strong d-value (0.76) between mean model 

predictions and mean observed values.  Index agreement values were very low for the 

remaining four treatment categories where WEPP predictions were considerably less 

accurate.  RMSE values were highest (suggesting less accuracy) in 75% soil exposure 

treatments and lowest (suggesting greater accuracy) in 0% soil exposure treatments.  The 

latter observation is overshadowed however by an extremely low d -value (d = 0.11), 

indicating a poor fit between observed and predicted values.     

 Observed and predicted sediment yield values were also grouped into slope 

categories to investigate model sensitivity to changes in slope steepness (Table 4). 
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Figure 12.  Log WEPP-predicted sediment yields (Mg ha
-1

) vs. log observed sediment yields (Mg ha
-1

) garnered from runoff 

simulation indicates general over-prediction of erosion by the WEPP model in masticated sites in the Lake Tahoe Basin, 

California and Nevada.  The solid line indicates a perfect fit between predicted and observed values.  The best fit between model 

prediction and experimental observation occurred at the highest sediment yields. A value of 0.001 was added to all data in order 

for log transformations to be performed on sediment yield observations of 0. 4
3
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Figure 13.  Mean observed sediment yields (Mg ha
-1

) and average WEPP-predicted sediment yields (Mg ha
-1

) in “patchy removal” 

treatments within masticated sites in the Lake Tahoe Basin, California and Nevada. Treatments with different letters are 

significantly different in mean at ! = 0.05 (Tukey-Kramer).  4
4
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Table 3.  Observed, predicted, root mean squared error (RSE), and index of agreement statistics for WEPP modeling of sediment 

yields (Mg ha
-1

) from masticated “patchy removal” treatments in the Lake Tahoe Basin, California and Nevada. 

 

                                            Bare soil exposure 

 Total  0% 25% 50% 75% 100% 

  Obs. Pred. Obs. Pred. Obs. Pred. Obs. Pred. Obs. Pred. Obs. Pred. 

Mean 0.16 0.69 0.00 0.07 0.01 0.45 0.02 0.61 0.02 1.03 0.72 1.29 

Std. Dev. 0.32 0.55 0.01 0.06 0.02 0.18 0.05 0.32 0.03 0.36 0.36 0.60 

n 40 8 8 8 8 8 

RMSE 0.74 0.09 0.48 0.66 1.06 0.96 

Index of 

agreement 
0.47 0.11 0.07 0.08 0.06 0.76 
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Table 4.  Observed, predicted, root mean squared error (RMSE), and index of agreement statistics derived from observed sediment 

yields (Mg ha
-1

) and WEPP predicted erosion (Mg ha
-1

) from all masticated “patchy removal” treatments in the Lake Tahoe 

Basin, California and Nevada.  Plots are grouped by plot slope (%).    

 

 Slope (%) 

 < 15% 16-20% 21-25% 26-30% > 30% 

  Obs. Pred. Obs. Pred. Obs. Pred. Obs. Pred. Obs. Pred. 

Mean 0.10 0.97 0.07 0.55 0.11 0.60 0.31 0.76 0.00 0.73 

Std. Dev. 0.21 0.97 0.19 0.54 0.29 0.48 0.46 0.45 0.00 0.36 

N 5 10 11 12 2 

RMSE 1.3 0.6 0.7 0.6 0.8 

Index of 

agreement 
0.11 0.45 0.42 0.68 0.00 

 4
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Regression indicated that WEPP predicted sediment yields were not dependent on slope 

(Figure 14) (R
2
 = 0.02 P > 0.05), but this may be partly a reflection of the small range of 

slope values (range = 12% to 33%) relative to the high number of plots (n = 40) within 

the treatment dataset.  Regardless of the low influence slope may have possessed on 

sediment yields in the field, d-values were relatively high between predicted and 

observed values when data were grouped into 16%-20%, 21%-25%, and 26%-30% slope 

categories (0.45, 0.42, and 0.68, respectively), indicating a positive correlation between 

WEPP predictions of erosion and an increases in slope.      

 The efficacy of the WEPP model to predict erosion due to snowmelt runoff in 

prescribed fire sites was evaluated.  Observed measurements of sediment garnered from 

plots within prescribed fire sites were compared to WEPP predictions, and, on average, 

WEPP over-predicted erosion in these areas (Figure 15).  Regression of observed and 

WEPP predicted sediment yields vs. percentage of plot area burn indicated a strong 

exponential relationship between predicted values and burn severity (Figure 16) (R
2
 = 

0.89 P < 0.001). This observation was supported by a moderately strong index of 

agreement value (d = 0.71) between mean observed sediment yields and mean predicted 

sediment yields across all plots (Table 5).  Observed and predicted data were grouped 

into burn severity categories (n = 6) where model sensitivity to burn severity could be 

investigated. Within these categories, d-values were highest in plots displaying 26%-50% 

burn severity (d = 0.41) and lowest in plots displaying 0% (d = 0) and 1%-25% burn 

severity (d = 0).  Values of RMSE were highest in plots displaying 100% burn severity 

(RMSE = 4.5) and lowest in plots displaying 0% burn severity (RMSE = 0.4) (Table 5). 
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Figure 14.  WEPP-predicted sediment yield (Mg ha
-1

) vs. slope (%) in “patchy removal” treatments within masticated sites in the Lake 

Tahoe Basin, California and Nevada.  Data are fit with a polynomial curve.  Regression indicated that WEPP predictions were not 

dependent on slope (R
2
 = 0.02). 
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Figure 15.  Log WEPP-predicted sediment yields (Mg ha
-1

) vs. log observed sediment yields (Mg ha
-1

) garnered from runoff 

simulation indicates general over-prediction of erosion by the WEPP model within prescribed fire sites in the Lake Tahoe Basin, 

California and Nevada.  The centerline indicates a perfect fit between predicted and observed values.  A value of 0.001 was added 

to all values in order to conduct log transformations.  4
9
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Figure 16.  Observed and WEPP-predicted sediment yields (Mg ha
-1

) vs. the area of plot surface burned (%) in prescribed fire sites in 

the Lake Tahoe Basin, California and Nevada.  Data are fit with polynomial curves.  WEPP-predicted sediment yield had a 

stronger relationship (dashed line, R
2
 = 0.89) with burn severity than did observed sediment yield (solid line, R

2
 = 0.31). 
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Table 5.  Observed, predicted, Root Mean Square Error (RMSE), and index of agreement (d) statistics for WEPP predictions of 

erosion (Mg ha
-1

) from plots within prescribed fire sites in the Lake Tahoe Basin, California and Nevada.  Plots are categorized by 

varying degrees of burn severity, except “Total”, which refers to all observed and predicted data from all plots within prescribed 

fire sites.  

 

      Amount of Plot Surface Burned 

 Total 0% 1-25% 26-50% 51-75% 76-99% 100% 

  Ob. Pr. Ob. Pr. Ob. Pr. Ob. Pr. Ob. Pr. Ob. Pr. Ob. Pr. 

Mean 0.98 1.38 0.00 0.34 0.00 0.46 0.15 0.56 1.08 1.06 0.81 3.19 4.24 4.62 

Std. 

Dev. 
2.59 1.70 0.00 0.22 0.00 0.30 0.22 0.27 1.74 1.05 0.65 0.14 5.12 1.22 

N 49 8 9 12 10 2 8 

RMSE 2.1 0.4 0.5 0.5 1.7 2.4 4.5 

d 0.71 0.00 0.00 0.41 0.39 0.28 0.35 
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 When observed and predicted data were placed into slope categories, d-values 

were moderately high in each grouping, and very high in the 30-35% slope category (d = 

0.91) (Table 6).  Values of RMSE ranged from 0.9 (25-30% slopes) to 3.7 (35-40% 

slopes). Regression results indicated that the positive relationship between WEPP-

predicted values and plot slope was stronger for prescribed fire sites (R
2 
= 0.17, P = 

0.693) (Figure 17) than masticated sites, but the relationship was still relatively poor and 

slope explained relatively little of the variation.      

Soils and Particle-size Distributions 

In all sites, soil textures varied between loamy sands and sandy loams.   Field 

bulk density and infiltration rates were generally consistent between masticated sites.  

Exceptions include the Chamonix site, where infiltration rates (0.05 mL s
-1

) and soil bulk 

density (0.81 g cm
-3

) are low, and the Skyland site, where infiltration rates (0.40 mL s
-1

) 

and soil bulk density (1.38 g cm
-3

) are high (Table 7).  Hydraulic conductivity (K) values 

were the lowest at the Chamonix (0.003 cm s
-1

) and Angora (0.0004 cm s
-1

) sites.  Soils 

data were not collected at the Granlibakken site due to seasonal time constraints.

 Sediment yields and runoff amounts stemming from masticated sites were aligned 

with volcanic or granitic soil origins.  Sites with volcanic soil types (Ward, Chamonix, 

and Granlibakken) averaged higher sediment yields than sites with granitic soil types 

(Skyland, Roundhill, Angora, Bliss, and Inspiration Point) in three out of four “uniform 

fuel redistribution” treatments and in four out of five “patchy removal” treatments.  

Slopes in sites with volcanic soil types were steeper than those in corresponding sites 

4
8
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Table 6.  Observed, predicted, Root Mean Square Error (RMSE), and index of agreement (d) statistics for WEPP predictions of 

erosion (Mg ha
-1

) from plots in prescribed fire sites in the Lake Tahoe Basin, California and Nevada.  Plots are categorized by 

slope percentage.  

 

 
Slope (%) 

 < 25% 25-30% 30-35% 35-40% > 40% 

  Ob. Pr. Ob. Pr. Ob. Pr. Ob. Pr. Ob. Pr. 

Mean 0.63 1.32 0.28 0.82 1.10 1.13 2.37 1.72 0.67 2.59 

Std. Dev. 1.01 1.57 0.44 1.14 2.83 1.55 4.94 1.96 0.85 2.62 

N 14 12 8 10 5 

RMSE 1.4 0.9 1.2 3.7 2.5 

d 0.67 0.67 0.91 0.67 0.54 
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Figure 17.  WEPP-predicted erosion (Mg ha
-1

) vs. slope (%) within prescribed fire sites in the Lake Tahoe Basin, California and 

Nevada.  Data are fit with a power curve (R
2
 = 0.17).  
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Table 7.  Soil characteristics within masticated sites in the Lake Tahoe Basin, California 

and Nevada.  Hydraulic conductivity K is a function of cumulative infiltration (cm) 

vs. square root time (sec) with regards to soil type, suction rate, and radius of the 

infiltrometer disc on the instrument.    

   

Site 
Soil 

texture 
K Infiltration 

Volumetric 

Water 

Content 

(Probe) 

Bulk Density 

(Field) 

!!

   cm s
-1

 mL s
-1 

% g cm
-3

 

! ! ! ! ! !

Skyland 
Loamy 

sand 
0.002 0.399 5.3 1.382 

Roundhill 
Loamy 

sand 
0.008 0.374 4.0 1.258 

Angora 
Sandy 

loam 
0.000 0.259 10.3 1.299 

DL Bliss 
Sandy 

loam 
0.001 0.219 4.7 1.282 

Inspiration 

Point 

Loamy 

sand 
0.001 0.188 6.0 1.290 

Ward  
Sandy 

loam 
0.002 0.140 6.2 1.212 

Chamonix 
Loamy 

sand 
0.0003 0.049 8.4 0.814 
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with granitic soil types by approximately 5%, but since slope was not found to be a 

significant predictor of erosion in ANOVA analysis, the discrepancy does little to explain 

the association between sediment delivery and soil type (Figures 18 and 19). 

Of the eight prescribed fire sites, only two (Slaughterhouse 1 and Slaughterhouse 

2) had granitic soil origins, making a direct comparative analysis between the effects of 

granitic vs. volcanic soil types difficult.  Average sediment yields were higher in these 

sites than those in volcanic soil types in plots where 1-25%, 51-75%, and 100% of 

surface area was burned to bare mineral soil (Figure 20).   Average slopes were 

approximately 6% steeper in granitic sites than volcanic sites in four out of five burn 

categories; however a low sample size (n = 12) of plots that produced erosion within 

these sites make assumptions involving a direct correlation difficult.   

Soil particle-size distributions 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.  Regression indicated that sediment yield had the strongest 

positive relationship with the finest particle-size classes (D10) within each sample and the 

strongest negative relationship within the coarsest (D90) size classes within each sample 

(Figure 21).  Overall median particle-sizes (D50) were highest in the decomposed granitic 

soil types of Slaughterhouse 1 and Slaughterhouse 2 sites, ranging from 57! to 418! and 

156! to 475!, respectively. Overall median particle-sizes were lowest in the volcanic soil 

types of the Dollar 2 site, ranging from 28! to 90! (Appendix B, Tables 8 and 9).   

Hydraulic conductivity (K) values and infiltration rates were measured at the soil 

surface and at 10 cm depths at all prescribed fire sites.  Average surface (0.0056 cm s
-1

) 

and 10 cm depth (0.0086 cm s
-1

) K-values were largest in the decomposed granitic soils 

5
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Figure18.  Average sediment yields and slope percentages corresponding to granitic and 

volcanic soil types in “uniform fuel redistribution” masticated treatments in the Lake 

Tahoe Basin, California and Nevada.  Sites with granitic soil types included Skyland, 

Roundhill, Angora, DL Bliss, and Inspiration Point (n = 5).  Sites with volcanic soil 

types included Ward, Chamonix, and Granlibakken (n = 3).   
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Figure 19.  Average sediment yields and slopes in granitic and volcanic soil types in 

“patchy removal” masticated treatments in the Lake Tahoe Basin, California and 

Nevada.  Sites with granitic soil types included Skyland, Roundhill, Angora, DL 

Bliss, and Inspiration Point (n = 5).  Sites with volcanic soil types included Ward, 

Chamonix, and Granlibakken (n = 3).   

 

 

 

 

 



 

59 

 

59 

 

Figure 20. Average sediment yields and slope percentages corresponding to granitic and 

volcanic soil types in prescribed fire plots in the Lake Tahoe Basin, California and 

Nevada.  Sites with granitic soil types included Slaughterhouse 1 and Slaughterhouse 

2 (n = 2).  Sites with volcanic soil types included Incline 1, Incline 2, Burton 1, 

Burton 2, Dollar 1, and Dollar 2 (n = 6). 
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Figure 21.  Sediment particle-size percentile (µm) vs. Sediment yield (kg) measured in D10, D50, and D90 particle-size distribution 

percentiles of samples collected in 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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in the Slaughterhouse 2 site.  Average K-values were smallest at the surface in the 

volcanic soils of the Incline 2 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

).  Average 

measurements of dry soil bulk density were largest at the Dollar 2 (0.89 g cm
-3

) site and 

smallest at the Burton 1 site (0.77 g cm
 -3

).  In Incline 1, Incline 2, Burton 1, and Burton 2 

sites, large discrepancies were found between volumetric water content (!) values 

obtained by the soil moisture probe and !-values obtained by bulk density methodology.  

Moisture probe and bulk density derived !-values were relatively consistent in both 

Slaughterhouse sites.
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DISCUSSION 

Drastic differences in sediment yield were observed between fuels treatments that 

exposed large patches of bare soil and those that retained fuels on the soil surface.  

Masticated treatments characterized by uniform distributions of surface fuel and limited 

patches of exposed soil mitigated severe erosion by trapping sediment and increasing 

infiltration.  In prescribed fire plots, heterogeneous patches of unburned or less severely 

burned islands of surface fuel were present to mitigate erosion in a similar manner.  

Reduction in erosion was especially pronounced if fire burned < 54% of the plot area.  

Thus, in the most macroscopic sense, two very different surface fuel treatments observed 

in this study were found to share a common result – as areas of exposed mineral soil 

increased, the amount of erosion due to snowmelt runoff 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. 

Masticated Sites 

Numerous studies have correlated reductions in sediment yield to increases in 

overall amounts of surface cover biomass (Molinar and Holechek 2001, Grismer et al. 

2008).  In the Lake Tahoe Basin, Naslas et al. (1994) noted that surface litter and duff 

strongly influence infiltration and runoff properties; the absorptive capacity for water in 

mineral soils increase with increasing amounts of litter; and a strong potential exists for 

severe site erodibility in wooded areas when land disturbances are coupled with litter and 
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duff removal.  Hatchett et al. (2006) reported slight to insignificant amounts of erosion 

following mastication in the Lake Tahoe Basin when woodchip mulch layers were left on 

the forest floor.  Within the masticated sites of this study, surface cover consisted 

primarily of masticated fuel, which, along with underlying layers of duff, reduced surface 

runoff velocity and held soils in place during snowmelt runoff simulation.   

Greater amounts of sediment yield were measured in treatments that lacked 

surface cover than those that contained it, with increasing amounts of erosion observed in 

treatments characterized by large areas of bare soil exposure.  Average erosion was 97% 

greater when 100% of masticated fuels were removed down to bare soil exposure than in 

treatments where 25-50% of the masticated material was retained (75% and 50% bare 

soil exposure) in patches; a finding that underlies the great potential that somewhat small 

patches of surface fuel and duff possess in terms of mitigating severe erosion.  Results 

also reveal how the fluctuations in sediment yield observed between the masticated 

treatments of this study can be attributed to differences in the amount and connectivity of 

surface fuel and duff measured within each plot.  For example, in 0%, 25%, 50%, and 

75% “patchy removal” plots, mean depth to bare mineral soil within undisturbed litter 

and duff layers were thick (15.01 cm) and mean sediment yields were low (0.01 kg). As 

the amount of fuel and duff increased within each treatment, rill development decreased, 

infiltration increased, and sediment delivery was impeded, illustrating a highly negative 

correlation between erosion and surface cover.  In most cases across sites, severe erosion 

was only measured when 100% of plot areas were exposed down to bare soil.   

Across all masticated sites, “uniform fuel redistribution” masticated treatments 

were potentially less effective in mitigating erosion than “patchy removal” treatments.  
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This discrepancy can be explained in part by lower mean depths to mineral soil (6.30 cm) 

in “uniform fuel redistribution” treatments, which resulted in higher mean sediment 

yields (0.16 kg) than those measured in 0-75% “patchy removal” treatments (0.01 kg), 

and by the retention of litter or duff in “patchy removal” treatments, which may have 

trapped sediment and limited erosion.  However, mean runoff and mean sediment yields 

were still significantly lower in “uniform fuel redistribution” treatments than those 

measured in plots that contained 100% bare soil exposure, a finding that reflects the 

preventative power a minimal amount of surface cover can exact on hillslope erosion. 

Depth measurements in “uniform fuel redistribution” treatments were low due to the 

absence of litter and duff, which were discarded in order to test the sole ability of 

masticated surface fuel to mitigate erosion.  Thus, overall results derived from each 

masticated treatment point to the following conclusions regarding small-scale surface 

erosion: (1) the total surface exposure of a hillslope to bare soil offers the greatest 

potential for severe erosion due to snowmelt runoff; (2) the application of masticated 

surface fuel to a bare soil (without litter and/or duff layers) increases its effectiveness in 

mitigating erosion as the mass of fuel being evenly distributed increases; (3) erosion 

mitigation is most effective when masticated fuels complement intact duff by increasing 

the potential for infiltration, increasing the amount of time in which soils become 

saturated, preventing rill formation, and trapping suspended sediment in cases in which 

rilling occurs; and (4) even minimal distributions or patches of surface fuel, or surface 

fuel + duff layers can be very effective in  preventing severe erosion due to snowmelt 

runoff.   
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While increased amounts of residual surface fuels following mechanical 

mastication are known to reduce erosion (Hatchett et al. 2006) by promoting high rates of 

infiltration and limiting soil detachment from erosive forces due to overland flow, they 

may also produce negative consequences following wildland fire.  Excessive post-

treatment fuel loads can lead to high levels of soil heating due to smoldering (Busse et al. 

2005) and substantial mortality of residual trees due to crown scorch (Knapp et al. 2006, 

Knapp et al. 2011).  A potential exists for biological damage from soil heating during fire 

in masticated fuelbeds, particularly in dry soil types with masticated fuel depths of 7.5 cm 

or greater (Busse et al. 2005).  Within “uniform fuel redistribution” treatments of this 

study, average masticated fuel depths exceeded this threshold only within plots 

characterized by 100% even fuel redistribution where average depths were 8.4 cm.   Yet 

erosion was effectively mitigated when only 50% of available masticated fuels were 

evenly redistributed onto plot surfaces, making excessive fuel redistribution like the 

amounts characterized in the 100% “uniform fuel redistribution” treatments both 

unnecessary in terms of erosion control and hazardous in terms of potential soil heating.    

Certain challenges arise when applying the same 7.5 cm depth threshold to the 

“patchy removal” masticated treatments of this study as measurements of depth to bare 

mineral soil obtained within “patchy removal” treatments included masticated surface 

fuels as well as duff and litter layers, the latter of which were not included in the depth 

threshold put forth by Busse et al (2005).  While patchy removal of fuel reduced the 

amount of fuel in each plot (a key function of soil heating), it also created discontinuities 

in the fuelbed, which can alter fire behavior by slowing or stopping fire spread.  A greater 

spatial continuity of fuels may cause fire to burn over a greater proportion of the ground 
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surface (Knapp et al. 2005).  Less fire spread can limit surface fuel combustion, which 

may result in more groundcover available to trap sediment and mitigate erosion.  In this 

study, the small patches of surface fuel and duff that comprised the 75% “patchy 

removal” treatments generally mitigated erosion.   With fuels on only 25% of the overall 

plot area during a wildfire, the overall percentage of soil potentially subjected to 

excessive heat in 75% “patchy removal” treatments would be highly concentrated within 

a limited area of fuel, litter, and duff.  The 75% “patchy removal” treatment also allows 

less fuelbed continuity than that of the 25% and 50% “patchy removal” treatments.  

While the latter treatments were effective in erosion mitigation, an abundance and 

continuity of fuel and duff may present adverse and unnecessary risks in terms of the 

potential for soil heating and fire spread.  The 75% “patchy removal” masticated 

treatment therefore allows land managers the best balance of erosion and fire hazard 

reduction for a set amount of fuel by providing sufficient surface protection to mitigate 

erosion but not enough to exacerbate the effects of wildland fire.  

Prescribed Fire Sites 

Spatial variability in post-prescribed fire surface conditions resulted in spatially 

varying erosion rates, a result confirmed by both ANOVA,which found that the area of 

plot surfaces exposed to prescribed fire was a significant predictor of sediment yield (P < 

0.001), and regression, which highlighted a moderate relationship (R
2
 = 0.32) between 

surface area burned and measured erosion.  Numerous studies have also found total 

sediment yields from areas exposed to low fire severity to be orders of magnitude lower 

than sediment yields produced in areas exposed to high fire severity (Robichaud 1996, 
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Benavides-Solario and MacDonald 2005).  Within this study, “high fire severity” became 

synonymous with severe erosion potential and was found to occur when the burned area 

within each plot exceeded 54% (determined by piecewise regression).  By exploring the 

details of this threshold along with other intrinsic variables that constitute burn severity, a 

wide range of factors can be understood that contributed to erosion in prescribed fire 

sites.  

In sites where burn severity was predominantly low (Incline 1, Incline 2, and 

Burton 2), flames passed over the ground surface but did not entirely alter the shape and 

general structure of surface litter.  Changes in runoff response are rare in areas that burn 

with low severity (Ice et al. 2004), and measured erosion within the plots at these sites 

was generally minimal.   In sites where burn severity was low to moderate 

(Slaughterhouse 1, Slaughterhouse 2, and Dollar 2), flames charred surface litter and duff 

but lacked the intensity to entirely consume them.  Significant patches of soil were 

generally avoided in both scenarios due to low burn severities.  Low to moderate-

intensity fires such as these can result in the formation of hydrophobic film on the 

external surface of aggregates, which may increase the structural stability of soils (Certini 

2005, Mataix-Solera and Doerr 2004).   Even with a decrease in infiltration potential due 

to hydrophobicity, low sediment yields were found at these sites as groundcover retained 

its structure and maintained the ability to trap the majority of sediment traveling via 

overland flow.   

In sites where burn severity was high (Burton 1 and Dollar 1), nearly the entire 

forest floor was consumed by fire, mineral soil structures were significantly altered, and 

observed sediment yields were dramatically higher.  Prolonged exposure to fire resulted 
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in the destruction of accumulated forest floor material and vegetation, as well as the 

disruption of infiltration, which create water-repellant conditions within the soil (DeBano 

et al. 1998).   Large patches of exposed soil were produced and linked together through 

areas of thin, disturbed groundcover.  The combustion of the vegetation and litter layers, 

which when undisturbed can mitigate the impact of raindrops on soil and slow runoff, is 

often more detrimental in terms of erosion than that of water repellence (Sevink et al. 

1989, Scott and van Wyk 1990, Marcos et al. 2000, Certini 2005).  Lacking substantial 

groundcover, steady flows passed through the bare soil, and formed rills which 

transported large amounts of sediment downslope.  These rills immediately flushed any 

remaining surface litter that was not completely consumed by fire and paved the way for 

unimpeded sediment delivery.   

Along with bare soil exposure, soil particle-sizes help explain variations in 

sediment yield across prescribed fire sites. When sediment scatters light inside a solution 

visual clarity is reduced. Thus, sediment particles scatter light more efficiently (and 

reduce visual clarity) as concentrations increase.  Visual clarity has been noted to be an 

important measure of water quality (Swift et al. 2005) and is one of the most highly 

valued measures of Lake Tahoe’s aesthetics (Goldman 2000).  As the diameter of 

sediment particles increase they may become more prone to settle at the bottom of a 

solution and have less effect on water clarity.  A population of small, (~ 1µm), inorganic 

particles scatter light much more effectively than larger, (~ 10 µm), particles of the same 

total mass (Swift et al. 2005) due in part to their larger number concentration (Boss et al. 

2001).  Particle-sizes of transported sediment were relatively large at all sites, and may 

therefore not play a major role in scattering light when suspended in solution. The 
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median (D50) particle sizes are thus too large to possess high scattering efficiency, and 

would settle to the bottom doing little to disrupt lake clarity.  Only the D10 particle-sizes 

observed in the Incline 1 site broach this threshold (averaging approximately 3µm) and 

could potentially have adverse affects on levels of lake clarity. 

Particle-size distribution is not directly affected by fire (Oswald et al. 1999), but 

is a key characteristic of soil erodibilty (Varela et al. 20010), an integral result of the 

processes that determine infiltration and soil resistance to particle detachment and 

transport (Lal 1988, Varela et al. 2010).  These processes are very sensitive to changes in 

the land surface and topsoil characteristics, alterations that commonly occur during the 

passage of fire (Varela et al. 2010).  This makes soil particle-size distribution an 

important metric for erosion potential within areas that experience prescribed fire.  Soil 

surface particles became disaggregated in plots that experienced high burn severity, a 

process shown in many studies (Wells et al. 1979, Robichaud and Waldrop 1994, 

DeBano et al. 1998, Elliot et al. 2010) to greatly increase the susceptibility of the mineral 

soil layers to erosion.  

Sediment particle-size data show that the sites on granitic soils (Slaughterhouse 1 

and Slaughterhouse 2) contained the two largest mean d10 values and the third largest and 

second largest mean D50 and D90 values of all prescribed fire sites, respectively (Table 

15).  Only the Incline 2 site contained greater D50 and D90 particle-size values than the 

two granitic sites, but these data were taken from only one plot, in which 100% of the 

surface area was burned to bare mineral soil. Across all prescribed fire sites, D50 and D90 

values were typically high in plots where the majority of fuels were consumed by high 

severity fire.            
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 Particle-size values from both Slaughterhouse 1 and Slaughterhouse 2 sites were 

derived from average particle-size distributions in plots that contained total area burned 

percentages of 13%-100% (n=4) and 43%-100% (n=3), respectively. Soils in the 

Slaughterhouse 2 site contained the highest infiltration rates at a 10 cm depth and the 

second highest surface infiltration rates, an observation also noted by Grismer and Hogan 

(2005) who demonstrated how larger average particle-sizes in granitic soils lead to 

greater infiltration capacities.  Granite soil types, however, can be highly erodible (Croke 

et al. 2001), and provide high degrees of sediment availability for erosion (Grismer and 

Hogan 2004). 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 a 66% burned plot and in a 100% burned plot.  At the Slaughterhouse 2 site, there 

was no sediment yield observed in plots where 0%, 28%, 33%, and 60% of the surface 

area was burned to mineral soil, despite relatively steep slopes.  The 100%-burned plot, 

however experienced the highest erosion rates in this study, yielding nearly twice as 

much sediment than the Slaughterhouse 1 100%-burned plot and orders of magnitude 

more than that of similar plots in the other prescribed fire sites.  These observations 

reflect an apparent paradox of granitic soil types – that they possess a potential for runoff 

infiltration but are extremely susceptible to large-scale erosion events when groundcover 

is lacking. 

Rainfall simulations conducted around the Lake Tahoe Basin by Grismer and 

Hogan (2005) indicated that erosion and runoff rates were highly affected by either 

volcanic or granitic origin of base soils and less dependent on surface treatment.  Results 

from this study generally concur with Grismer and Hogan, in which the highest sediment 
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yields were reported on bare volcanic soils.  In this study, slopes were steeper in sites 

with volcanic soil origins than in sites where soil origins were granitic which may explain 

part of the discrepancy in measured erosion.  Overall, plot slopes were found to not be 

significant predictors of sediment yields (P = 0.09), possibly due to minimal variations in 

slope across the majority of sites and substantial variations in measured erosion across 

slopes.   

WEPP Model Calibration 

Sustained snowmelt runoff is typically a long-duration precipitation event of low-

intensity that produces saturation overland flow in undisturbed forest areas (Dunne 1978).  

Such a process is not modeled by WEPP, which predicts increased runoff due to 

increased soil water content using the Green-Ampt infiltration model (modified by Chu 

1978) for unsteady rainfall and does not accurately describe the conditions leading to 

saturation overland flow (Elliot et al. 1996). In this study, runoff was applied to plots in 

large amounts and in short durations, making it difficult to categorize each experiment as 

a traditional snowmelt runoff event.  However, water was introduced as sheetflow – a 

likely scenario if the amount of snowmelt runoff exceeded soil infiltration capacity.  

Overland flow produced in this study could therefore lie somewhere between saturation 

overland flow and Horton overland flow classification.  Horton overland flow develops 

as precipitation intensity exceeds soil infiltration capacity (Dunne 1978) and is a rare 

occurrence in undisturbed forests (Hewlett and Hibbert 1967, Patric 1976, Dunne 1978, 

Elliot et al. 1996).  Elliot et al. (1995) used WEPP to compare areas that displayed both 

saturation overland flow and Horton overland flow as dominant runoff behavior and 
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found that the model could predict general trends within each scenario.  However, no 

known studies have quantified WEPP’s efficacy in matching erosion predictions to 

values observed through snowmelt runoff conditions that are similar to those simulated in 

this experiment.  The modeling results of this study offer insight regarding the use of 

WEPP on hillslopes where forest management practices of varying type, intensity, and 

distribution have been administered.  

Overall, WEPP performed well in masticated treatments characterized by 

complete bare soil exposure and poorly in treatments where some fuel remained (i.e. 0%, 

25%, 50%, and 75% of the plot surface exposed).  Model accuracy increased in plots with 

increasing amounts of bare soil exposure and diminished as the potential for erosion was 

minimized due to the presence of groundcover.  This phenomenon can be attributed to 

naturally greater relative prediction error at lower erosion rates, a trend also observed in 

research by Amore et al. (2004), who associated smaller relative error in WEPP models 

with greater amounts of eroded sediments.  

Over-prediction of erosion by WEPP within plots where at least some masticated 

fuel remained was partially a consequence of the model’s inability to account for fine-

scale patterns in surface fuels.  Modeling masticated landscapes similar to those of the 

“uniform fuel redistribution” treatments of this study becomes difficult without these 

inputs and was subsequently not attempted.  Redistributed fuel mass (found to be a 

statistically significant predictor of erosion in ANOVA as “treatment”) is not well-

modeled in WEPP.  While the model does provide certain types of forest surface cover as 

inputs, masticated fuelbeds that overlie thick layers of duff possess a greater potential to 

trap sediment traveling in overland flows than appreciated by the default options 
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available in WEPP.  If surface fuel loads and depths could be entered into each individual 

hillslope model, WEPP sediment yield predictions would decrease in masticated sites, 

and result in an increase in the total index of agreement value across all masticated plots.  

The addition of this feature to the WEPP model would be especially helpful in modeling 

erosion in sites like Chamonix and Inspiration Point, where duff and litter were deep, 

surface fuels were thick, and observed sediment yields were low. 

In prescribed fire sites, WEPP predictions of erosion were highly sensitive to 

adjustments in plot burn severity as measured by the percentages of plot surfaces burned 

to mineral soil (R
2
 = 0.94).  Burn severity was calibrated by choosing a default “residual 

surface cover” value available within the model for each individual plot.  Values were 

chosen that best matched the condition of each field plot, estimations that were obtained 

through pre-runoff simulation plot surface sampling. The rill erodibility values WEPP 

assigns to these default parameters are highly variable, ranging from 0.0001 s m
-1

 (the 

greatest amount of residual surface cover), to 0.0007 s m
-1

 (the least amount of residual 

surface cover).  As the amount of rill and interrill cover decreased, rill erodibility values 

increased, and WEPP erosion prediction increased.   This indicates that, within prescribed 

fire sites, rill and interrill cover and rill erodibility values are important to model response 

but are ultimately a function of residue surface cover parameters, dictated by burn 

severity.   

The WEPP model predictions were more accurate within plots characterized by 

greater burn severities than in plots characterized by lower burn severities.  As was the 

case in masticated sites, WEPP’s predictive ability was strongest in locations where the 

potential for large-scale erosion events was highest.  Model accuracy increased when 
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sediment yields in prescribed fire sites were grouped into slope categories, particularly 

within moderate slope categories.  The effect of slope length on small plot studies has 

been shown to be an important consideration (Wischmeier and Smith, 1978) affecting 

measured erodibility (Naslas et al. 1994).  However, regression indicated that while 

WEPP-predicted sediment yields were more related to slope in prescribed fire sites (R
2
 = 

0.27) than in masticated sites (R
2
 = 0.02), slope steepness was not a critical function of 

erosion prediction in the model.   

Across all masticated and prescribed fire plots, overall model accuracy may have 

suffered due to the substantial model manipulations that were necessary in order to test 

WEPP’s application to the specifics of this study.  While WEPP is designed to work at 

both small (hillslopes, roads, small parcels) and large (watershed) scales, it utilizes 

rainfall, rather than snowmelt runoff, as the primary process to predict erosion.  Thus, 

certain aspects of the model had to be manipulated in order to best match model 

processes to field methodology.  In order to simulate the experimental setup, overland 

flow was introduced as rainfall to the top of each plot via 50m of paved surface.  Due to 

model limitations, this was found to be the closest way to approximate the process of 

actual experimental water delivery.  As field methodology could not be exactly simulated 

within WEPP, variations between observed and predicted erosion results were expected.   

The WEPP model provides values that can reasonably characterize the post-

treatment effects of prescribed fire on hillslopes and produces erosion predictions that are 

sensitive to them. The model generally lacks values that specifically characterize the 

effects of mechanical mastication treatments, a discrepancy reflected in this study 

through more accurate predictions of erosion in prescribed fire sites than in masticated 
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sites.  This indicates that while the current version of WEPP may be a more reliable tool 

to predict erosion due to snowmelt runoff in areas treated with prescribed fire than in 

similar locations treated with mechanical mastication, the model suffers from a general 

inability to account for heterogeneous, or patchy, hydrologic conditions on hillslope 

surfaces.  This finding echoes the research of Elliot et al. (1996), who cautioned that the 

effective or aggregate behavior of a hillslope as a homogenous unit or a series of 

homogenous overland flow elements should be determined before WEPP can be used.  

Compacted or severely burned areas may produce runoff through the Horton overland 

flow mechanism but often drain to areas that are less disturbed and possess high 

infiltration capacities where the surface flow ceases (Springer and Cundy 1988, Elliot et 

al. 1996), making erosion modeling of disturbed hillslopes difficult.  Calibrating the 

WEPP model to predict erosion following snowmelt runoff similar to that described in 

this study is clearly a work in progress.  Additional future research is required in order to 

examine and expand the model’s full capacity.   
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CONCLUSIONS AND RECOMMENDATIONS 

The experiment performed in this study replicated a snowmelt runoff event in 

which water, derived from a large watershed, was delivered onto a hillslope treated with 

either mechanical mastication or prescribed fire. While experimental results are 

oftentimes scale-dependent (Englund and Cooper 2003), erosion potential can be 

interpreted at the plot scale, a spatial scale that provides a powerful way to analyze local 

fluxes of water and sediment under controlled inputs (Wainwright et al. 2000, Mathys et 

al. 2005). Certain ideas that emerge from this study can be applied to larger spatial scales 

that will help land managers broadly understand how snowmelt runoff processes affect 

areas treated with mechanical mastication or prescribed fire.  Most management 

remediation activities cannot focus at the broad scale of watersheds (Beeson et al. 2001), 

which is why many of the treatments discussed in this study are best applied at the plot 

and hillslope scale. This practice allows for simultaneous fuel reduction and erosion 

mitigation in targeted areas of the Lake Tahoe Basin and elsewhere.  The main 

conclusions drawn from this study should include the overarching findings related to 

erosion mitigation rather than specific numeric values that become problematic when 

extrapolated across spatial scales.  Land managers can mitigate erosion in areas treated 

with mechanical mastication and prescribed fire by providing even small amounts of 

surface organic matter and limiting areas of complete soil exposure.  Large amounts of 

surface organic matter and continuous cover of this material, both of which increase the 

potential for unnaturally intense wildfire, is not necessary to prevent erosion.  
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Unlike studies that involved rainfall simulation, in which water is applied onto a 

small plot (typically 1m
2
), this experiment attempted to capture the amount of erosion 

that could be expected at a given point on a hillslope during a snowmelt runoff event.  

With this framework in mind, it may be speculative to assume that all of the sediment 

collected at the bottom of each experimental plot would ultimately be deposited into a 

stream system or body of water.  During experimental simulation, rills would oftentimes 

be stopped abruptly in the middle of the plot.  Flowing water would infiltrate into the soil 

and sediment previously suspended would become trapped in layers of groundcover.  

This microscale effect reveals the complex nature of overland flow in hillslopes exposed 

to both mechanical and prescribed fire fuels treatments. 

Without the presence of the collection apron at the bottom of the plot, similar rill 

disruption may have occurred in plots where high amounts of erosion were measured.  

This illustrates that while this experiment took place at a smaller spatial scale than that of 

a watershed, it was nearly an order of magnitude larger than those expressed through 

traditional rainfall simulation, and, given the wide range of site locations, we believe that 

the results of the study are potentially applicable to other scales in the Tahoe Basin, such 

as that of the hillslope scale.  

During runoff simulation, scaled-down versions of hydrologic processes occurred 

within plots similar to that of larger processes that possess significant influence at the 

hillslope and watershed scale.  Examining plot-scale processes that developed within 

each treatment is important, as the effects of the most rapid fine scale processes are often 

incorporated (O’Neill et al. 1986) into the long-term effects of slower coarse scale 

processes (Imeson and Lavee 1998).  The various speeds of rill formation observed 
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during runoff simulation were controlled by instances of soil saturation and point 

infiltration, two hydrologic conditions that are crucial in determining the speed of 

sediment delivery and the amount delivered (Kirby 1978, Radcliffe and Rasmussen 2000, 

Hatchett et al. 2006).  In areas of bare soil exposure, soil saturation was immediate and 

rill formation was rapid.  Where groundcover was moderate, soil saturation was delayed 

and rills were slow to develop.  Rills were impeded and were oftentimes abruptly halted 

when flows reached areas with substantial ground cover.  Clusters of litter that resembled 

micro-scale dams were common and led to the creation of temporary pools within plots 

when surface litter became built up within rills.  As the volume and velocity of flow 

increased, the mini-dams would burst and release a large pulse of suspended sediment 

downslope. The various plot-scale responses of sediment delivery observed within the 

fuel reduction treatments tested in this study can offer land managers a certain degree of 

insight and perspective when applying specific management goals to larger areas.  

Erosion response observed at the plot scale often mimics reactions at larger scales, yet as 

spatial scales of research increase, new processes tend to emerge that may dominate soil 

erosion (Imeson et al. 1995).  The potential for temporary sediment storage within rill 

systems increases with network complexity (Byran 1999), and soil loss measurements at 

one scale are often not representative for sediment yield at another scale level (de Vente 

and Poesen 2005).  It is therefore important to emphasize the major finding of this study, 

one that can be specifically applied at the plot and hillslope scale and broadly appreciated 

at the watershed and basin scale – that fuel reduction objectives are best balanced with 

erosion control by understanding the effects of post-treatment ground cover to soil 

exposure ratios.   
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The Lake Tahoe Basin shares its fire management constraints with other locations 

with extensive wildland-urban interface and issues involving air quality.  When 

prescribed fire is not an option, mechanical treatments similar to the 75% “patchy 

removal” treatment described in the study could be applied.  By incorporating this 

framework, land managers can minimize the threat of erosion while also reducing the 

chance of forest loss in a wildfire. Where prescribed fire is an option for reducing fuel 

loads, managers can develop burning prescriptions that lead to patchy burns.  The results 

of this study showed how prescribed fires that limited burn severity to <54% of plot areas 

produced sufficient unburned islands to capture sediments while simultaneously 

consuming fuel to reduce the probability of high fire severity.  Thus, a compromise 

between erosion control and wildland fire severity mitigation does exist in the Lake 

Tahoe Basin and elsewhere.  Masticated treatments characterized by minimal surface fuel 

to trap sediment can effectively mitigate erosion while simultaneously maintaining low 

fuel loads.  Prescribed fire that reduces fuel loading while minimizing severity result in 

few areas of bare soil exposure that can mitigate severe erosion.  Further research is 

needed that investigates snowmelt runoff as a driver for erosion in the Lake Tahoe Basin 

and elsewhere.  Future experiments that examine erosion potential in masticated and 

prescribed fire treatments will undoubtedly strengthen existing tools like the WEPP 

model and provide land managers with new and innovative ways to approach fuels 

management.   
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APPENDIX A: METHODOLOGIES 

Runoff Simulation 

Water was carried to the site with large capacity water bladders capable of storing 

500 – 1000 L of water.  Water from these bladders was allocated into smaller capacity 

storage tanks where internal sump pumps directed necessary amounts of water into a 

constant-level container through the use of common garden hoses.  Sump-pumps were 

joined (via extension cords) to a gas-powered generator located on-site and within reach 

so that the experiment could be initiated and or halted with ease.  The constant-level 

container, with dimensions 72 cm ! 28 cm, distributed water directly to the runoff 

simulator. Openings on both ends allowed for incoming and outgoing hoses, which 

provided a static level of water availability through which steady flow could be achieved 

throughout runoff simulation.  An additional sump pump placed inside the constant-level 

container was equipped with a reverse float switch whose signal alerted pumps inside the 

storage tanks to send additional water when necessary.   The runoff simulator was 

connected to the constant-level container with another hose and placed at the top of the 

plot.  This hose fit into a flow gauge, which could be adjusted in order to increase or 

decrease the rate of water that was dispersed onto the plot.  The flow gauge was attached 

to a T-shaped PVC pipe whose perforated base was approximately two meters in length 

and 5 cm in diameter. Water was applied to the plot surface through the small 

perforations in the front the PVC pipe. The PVC simulator was bolted onto the top of 20 

cm x 2.5 cm board wrapped in waterproof tape that acted as a smooth sealant for flows to 

pass over.   Utilizing this board ensured that water was introduced as even sheet flow 
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onto the plot surface (akin to snowmelt runoff), provided protection against unintended 

rainsplash erosion generated from the scour of falling drops, and acted as a form of 

stability during transport.  

At the lower end of the each plot, fuel and duff were removed in order for a 

triangular collection apron (with a base and square tip approximately 2m and 5 cm in 

length, respectively) to be placed on the bare mineral soil surface.  Placing the collection 

apron onto bare soil ensured the collection of all runoff that may have been traveling 

through thick layers of fuel and prevented any water that does infiltrate to be lost by 

flowing underneath the apron.  A thin layer of bentonite clay was molded underneath the 

top edge of the collector serving as an additional safeguard against these occurrences by 

forcing flows into the collection apron.   The sheet metal apron was shaped and 

positioned in such a way water enter, glided down a narrowing frame, and fell into 

labeled collection buckets and sub-sample containers. 

Field Bulk Density 

This procedure involved the use of a field core-sampling tool in which a cylinder 

is driven into the soil and a sample of known volume is extracted, dried, and weighed.  

The dried weight of the soil is divided against the known volume of the cylinder 

providing a relatively simple and rapid estimation of soil bulk density. 

Volumetric Water Content: Mini-Disc Infiltrometer 

Infiltration and hydraulic conductivity measurements were estimated using this 

device.  The top and bottom chambers of the infiltrometer are filled with a recorded level 
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of water where, within the apparatus, the top chamber controls a desired level of suction 

and the lower chamber (resembling a graduated cylinder) contains the water that will 

infiltrate into the soil.  Placing the full infiltrometer onto the soil surface allows water to 

infiltrate through the lower chamber.  As the water receded inside the lower chamber the 

levels were recorded at specific time intervals until a minimum of 15 mL was released.   

Recording time intervals varied in terms of infiltration speed.  Following fieldwork, 

hydraulic conductivity was determined by inputting recorded water levels, soil types 

(according to Van Genutchten parameters), and suction levels into a spreadsheet that 

calculates the slope of the curve of the cumulative infiltration vs. the square root of the 

time based on the data gathered. 

Volumetric Water Content: Moisture Probe  

Soil moisture estimations were based on field bulk density samples as well as 

volumetric water content measurements taken at each site.  These values were expressed 

as percentages and were collected with a Hydrosense Portable Moisture Probe.  This 

handheld device provided a quick and reliable measure of soil moisture at each of the soil 

sample points.  By inserting the probes into bare mineral soil the system provides 

volumetric water content - the fraction of the total volume of soil that is occupied by the 

water contained in the soil.  These figures can be compared to actual on-site VWC 

measurements garnered from bulk density sampling, allowing for a comparative analysis 

of the two values. 
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Point Sampling  

Point sampling was conducted within each prescribed fire plot to determine the 

amount of the plot surface burned as well as cover type distribution.  This device consists 

of four PVC pipes (one inch in diameter and one meter in length) joined together to 

create a 1 square meter box with three small holes drilled at the 25cm, 50cm and 75 cm 

intervals in all four sides.  String is lined through these holes, creating 9 intersections 

within the frame from which to sample. By gently laying this box on each square meter 

section of the 10m
2 
plot, 90 sub-plots are created where, with each string intersection 

within the box serving as a sampling point, cover type was classified and litter and duff 

depth recorded.    
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APPENDIX B: SEDIMENT PARTICLE-SIZE DATA  

Table 8.  Particle-size distribution measurements (means and standard deviations) for 

Tahoe Basin runoff samples. Lake Tahoe Basin, California and Nevada. 

 

   D10 (!m) D50 (!m) D90 (!m) 

Site 

Plot 

Area 

Burned 

(%) 

n Mean 
Std. 

dev. 
Mean 

Std. 

dev. 
Mean 

Std. 

dev. 

         

Incline 1 46 2 2 1 14 8 82 47 

 100 4 5 1 100 23 850 121 

         

Incline 2 100 6 20 7 334 110 1310 277 

         

Burton 1 91 5 4 3 73 78 714 246 

 100 6 5 2 60 10 503 145 

         

Burton 2 53 2 4 1 126 97 952 174 

 100 6 11 6 268 122 1052 194 

         

S.H. 1 13 1 7 0 57 0 366 0 

 36 4 17 7 203 87 1000 270 

 66 5 34 19 418 173 1405 188 

 100 6 29 10 351 114 1257 237 

         

S.H. 2 43 1 17 0 274 0 1273 0 

 60 1 15 0 156 0 856 0 

 100 6 76 65 475 206 1210 313 

         

Dollar 1 57 5 6 5 97 121 603 481 

 83 6 10 4 122 57 883 305 

 100 6 9 5 114 43 873 256 

         

Dollar 2 43 3 4 0 52 10 605 220 

 46 5 3 0 28 4 307 100 

  100 5 7 3 90 30 765 211 
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Table 9.  Soil characteristics within prescribed fire sites in the Lake Tahoe Basin, 

California and Nevada. * K = C/A where C equals the slope of the line of the 

quadratic equation that expresses cumulative infiltration vs. square root time, and A 

is the value relating Van Genuchten parameters for the given soil type to the suction 

rate and radius of the infiltrometer disc on the instrument.  

 

Site 
Soil 

texture 

K* 

Surface 

K*  

10 cm 

depth 

Infiltration 

Surface 

Infiltration 

10 cm 

depth 

VWC 

Probe 

Bulk 

Density 

!!    cm/s
-1

  cm/s
-1

 mL/s mL/s % g/cm
3
 

! ! ! ! ! ! ! !

Incline 

1 

Loamy 

sand 
0.0010 0.0011 0.004 0.005 11.2 0.89 

Incline 

2 

Loamy 

sand 
0.0006 0.0008 0.004 0.007 6.0 1.16 

Burton 

1 

Loamy 

sand 
0.0008 0.0012 0.005 0.009 8.6 0.77 

Burton 

2 

Loamy 

sand 
0.0011 0.0006 0.004 0.003 8.4 0.94 

S.H. 1 
Loamy 

sand 
0.0008 0.0011 0.007 0.005 3.6 1.11 

S.H. 2 
Loamy 

sand 
0.0056 0.0086 0.023 0.034 2.6 1.23 

Dollar 

1 

Loamy 

sand 
0.0031 0.0008 0.016 0.005 4.0 0.84 

Dollar 

2 

Loamy 

sand 
0.0010 0.0006 0.009 0.003 3.2 1.26 
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APPENDIX C: WEPP DATA 

Table 10. WEPP climate parameters for masticated and prescribed fire sites in the Lake 

Tahoe Basin, California and Nevada. Climate values are extrapolated from the actual 

runoff simulation flow rates applied to each plot in the field. 

 

Climate Parameter Input 

Installed Climate (States) California 

Installed Climate (Stations) Lake Tahoe 

Climate Type Single Storm 

Date of Storm 6/1/2001 

Storm Duration (hr) 0.6 

Storm Amount (mm) 54 

Max Intensity (mm/hr) 90.9 

Duration to Peak Intensity (%) 0 
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Table 11. WEPP Overland Flow Element 1 (pavement) management parameters for 

masticated and prescribed fire sites in the Lake Tahoe Basin, California and Nevada.  

 

Management Parameter Input 

Length (m) 50 

Width (m) 2 

Initial Plant road 

Bulk density after last tillage  1 

Initial canopy cover (%) 0 

Days since last harvest 2000 

Days since last tillage 2000 

Initial frost depth (cm) 0 

Initial interril cover (%) 0 

Initial residue cropping system fallow 

Cumulative rainfall since last tillage (mm) 5.08 e+004 

Initial ridge height after last tillage (cm) 0 

Initial rill cover (%) 0 

Initial roughness after last tillage (cm) 0 

Rill spacing (cm) 0 

Rill width depth (cm) temporary 

Initial snow depth (cm) 0 

Initial depth of thaw (cm) 0 

Depth of secondary tillage layer (cm) 0 

Depth of primary tillage layer (cm) 0 

Initial rill width (cm) 0 

Initial total dead root mass (kg/m2) 0 

Initial total submerged residue mass (kg/m2) 0 

 

.  
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Table 12. WEPP Overland Flow Element 2 and 3 management parameters and inputs for “patchy removal” treatments in masticated 

sites in the Lake Tahoe Basin, California and Nevada.  

  OFE 2: Exposed Soil OFE 3: Masticated Fuel  

Management Parameter Input Input 

Length (m) varies with treatment varies with treatment 

Width (m) 2 2 

Initial Plant forest perrenial forest perrenial 

Bulk density after last tillage (g/cm3) varies with treatment varies with treatment 

Initial canopy cover (%) 100 100 

Days since last harvest 2000 2000 

Days since last tillage 2000 2000 

Initial frost depth (cm) 0 0 

Initial interril cover (%) 0 100 

Initial residue cropping system fallow fallow 

Cumulative rainfall since last tillage (mm) 1000 1000 

Initial ridge height after last tillage (cm) 10 10 

Initial rill cover (%) 0 100 

Initial roughness after last tillage (cm) 10 10 

Rill spacing (cm) varies with treatment varies with treatment 

Rill width depth (cm) temporary temporary 

Initial snow depth (cm) 0 0 

Initial depth of thaw (cm) 0 0 

Depth of secondary tillage layer (cm) 0 0 

Depth of primary tillage layer (cm) 0 0 

Initial rill width (cm) 0 0 

Initial total dead root mass (kg/m2) 0.5 0.5 

Initial total submerged residue mass (kg/m2) 0.5 0.5 

 

9
9
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Table 13. WEPP Management parameters utilized in Overland Flow Element 2 sections in prescribed fire hillslope models in the Lake 

Tahoe Basin, California and Nevada.   “Initial Plant” and “Rill Spacing” inputs varied with site. 

Management Parameter 0% cover 25% cover 45% cover 90% cover 

Length (m) 5 5 5 5 

Width (m) 2 2 2 2 

Initial Plant high sev. fire high sev. fire moderate sev. fire low sev. fire 

Bulk density after last tillage (g/cm3) varied varied varied varied 

Initial canopy cover (%) 100 100 100 100 

Days since last harvest 92 92 92 92 

Days since last tillage 200 200 200 200 

Initial frost depth (cm) 0 0 0 0 

Initial interril cover (%) 0 25 45 90 

Initial residue cropping system fallow fallow fallow fallow 

Cumulative rainfall since last tillage (mm) 500.1 500.1 500.1 500.1 

Initial ridge height after last tillage (cm) 2 2 2 2 

Initial rill cover (%) 0 0 0 0 

Initial roughness after last tillage (cm) 2 2 2 2 

Rill spacing (cm) varied varied varied varied 

Rill width type temporary temporary temporary temporary 

Initial snow depth (cm) 0 0 0 0 

Initial depth of thaw (cm) 0 0 0 0 

Depth of secondary tillage layer (cm) 10 10 10 10 

Depth of primary tillage layer (cm) 20 20 20 20 

Initial rill width (cm) 0 0 0 0 

Initial total submerged residue mass (kg/m2) 0.5 0.5 0 0 

1
0
0
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Table 14.  WEPP parameters, observed sediment yields, and predicted sediment yields 

for masticated “patchy removal” treatments in the Lake Tahoe Basin, California and 

Nevada. 

 

Site 

K  

average 

(mm/hr) 

Bulk 

Density 

average 

(g/cm
3
) 

% Bare 

soil 

exposure 

% 

Slope 

Observed 

Sediment 

Yield (t/ha) 

WEPP 

Predicted 

Sediment 

Yield (t/ha) 

0 20.4 0 0.06 

25 22.7 0 0.488 

50 16 0.004 0.677 

75 21.9 0.049 1.299 

Skyland 74.07 1.38 

100 20 0.591 1.642 

0 22.45 0 0.124 

25 26.3 0.012 0.743 

50 22.65 0 0.899 

75 23.6 0.031 1.343 

Roundhill 285.19 1.26 

100 26.55 0.975 1.984 

0 14.6 0 0.001 

25 16.38 0 0.589 

50 16.75 0.01 1.207 

75 14.11 0.005 1.632 

Angora 13.5 1.3 

100 14.87 0.027 2.287 

0 16.85 0 0.001 

25 18.05 0.07 0.21 

50 20.3 0 0.458 

75 19.6 0 0.659 

DL Bliss 39.28 1.28 

100 15.63 0.478 0.728 
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Table 14 (continued).   

 

Site 

K 

average  

(mm/hr) 

Bulk 

Density 

average 

(g/cm
3
) 

% Bare 

soil 

exposure 

% 

Slope 

Observed 

Sediment 

Yield 

(t/ha) 

WEPP 

Predicted 

Sediment 

Yield (t/ha) 

0 20.2 0 0.015 

25 29.47 0 0.433 

50 12.4 0 0.194 

75 33.47 0 0.985 

Inspiration 

Point 
28.15 1.29 

100 27.67 1.179 0.852 

0 26.55 0 0.139 

25 30.855 0 0.474 

50 24.2 0.151 0.398 

75 26.3 0 0.646 

Ward 9.97 1.21 

100 26.6 0.673 0.821 

0 25 0 0.095 

25 23 0 0.205 

50 26 0 0.461 

75 28 0 0.721 

Chamonix 9.97 0.81 

100 29 0.84 0.935 

0 24 0.017 0.125 

25 28 0.03 0.491 

50 24 0.022 0.576 

75 26 0.067 0.919 

Granlibakken 60 1.1 

100 25 0.983 1.101 
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Table 15.  WEPP parameters, observed sediment yields, and predicted sediment yields 

for plots in prescribed fire sites in the Lake Tahoe Basin, California and Nevada.  All 

WEPP soil inputs were “forest sandy loam” and differed in only fire severity 

classification.   

Site Soil Parameter 
% 

Slope 

% 

Burn 

Observed 

Sediment 

Yield 

(t/ha) 

WEPP 

Predicted 

Seidment 

Yield 

(t/ha) 

K 

average 

(mm/hr) 

Bulk 

Density 

average 

(g/cm
3
) 

Low sev. fire 42.20 57 0.000 0.647 

Low sev. fire 31.80 0 0.000 0.430 

Low sev. fire 32.76 46 0.668 0.591 

Low sev. fire 33.78 30 0.000 0.574 

Low sev. fire 39.93 23 0.000 0.822 

Low sev. fire 40.50 13 0.000 0.823 

Incline 

1 

High sev. fire 47.92 100 2.030 6.767 

32.40 0.87 

Low sev. fire 36.81 19 0.000 0.672 

Low sev. fire 39.30 43 0.000 0.872 

Low sev. fire 38.27 7 0.000 0.712 

Low sev. fire 36.29 33 0.000 0.698 

High sev. fire 40.17 100 0.926 3.580 

Incline 

2 

Low sev. fire 38.60 0 0.000 0.716 

21.60 1.16 

Low sev. fire 19.96 2 0.000 0.107 

High sev. fire 20.04 91 0.353 3.091 

Low sev. fire 26.27 50 0.382 0.361 

Low sev. fire 25.99 66 0.636 0.434 

High sev. fire 20.86 100 3.197 3.431 

 Burton 

1 

Low sev. fire 26.66 0 0.000 0.237 

28.80 0.77 

Low sev. fire 24.12 53 0.018 0.303 

Low sev. fire 25.38 18 0.000 0.228 

Low sev. fire 26.71 9 0.000 0.253 

High sev. fire 21.60 100 1.042 3.477 

Low sev. fire 22.45 26 0.000 0.178 

Burton 

2 

Low sev. fire 19.92 0 0.000 0.103 

39.60 0.94 
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Table 15 (continued).  

Site Soil Input 
% 

Slope 

% 

Burn 

Observed 

Sediment 

Yield 

(t/ha) 

WEPP 

Predicted 

Seidment 

Yield 

(t/ha) 

K 

average 

(mm/hr) 

Bulk 

Density 

average 

(g/cm
3
) 

High sev. fire 32.50 100 8.084 4.953 

High sev. fire 35.80 66 5.514 0.849 

Low sev. fire 46.29 36 0.411 1.140 

Low sev. fire 34.91 54 0.008 0.732 

Low sev. fire 29.36 13 0.003 0.352 

S.H. 1 

Low sev. fire 29.00 0 0.000 0.319 

28.80 1.11 

Low sev. fire 32.50 0 0.000 0.568 

Low sev. fire 29.98 43 0.051 0.540 

Low sev. fire 31.88 28 0.000 0.582 

High sev. fire 39.27 100 15.401 5.383 

Low sev. fire 32.41 33 0.000 0.620 

S.H. 2 

Low sev. fire 38.57 60 0.000 1.025 

201.60 1.14 

Low sev. fire 28.09 57 0.954 3.222 

High sev. fire 39.22 100 2.804 5.481 

High sev. fire 26.72 83 1.274 3.283 

High sev. fire 24.83 74 2.286 2.753 

Low sev. fire 24.70 51 1.361 0.305 

Dollar 1 

Low sev. fire 21.62 0 0.000 0.113 

111.60 0.84 

Low sev. fire 23.70 69 0.000 0.375 

Low sev. fire 21.04 18 0.000 0.143 

Low sev. fire 26.50 46 0.102 0.345 

Low sev. fire 23.56 43 0.157 0.250 

High sev. fire 24.86 100 0.416 3.910 

Dollar 2 

Low sev. fire 26.09 0 0.000 0.219 

36.00 1.26 

 

 


