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Abstract. Forests deliver a number of important ecosystem services, including clean water. When forests are disturbed
by wildfire, the timing, quantity and quality of runoff are altered. A modelling study was conducted in a forested watershed
in California, USA, to determine the risk of wildfire, and the potential post-fire sediment delivery from ~4-ha hillslope
polygons within a 1500-km? basin following a wildfire event. Wildfire intensity was estimated with fire spread models.
The estimation of soil burn severity was based on predicted flame length. Sediment delivery was estimated from each
hillslope polygon using a Geographic Information System erosion model. Polygons that generated the greatest amount of
sediment, affected other values at risk in the basin, or were critical for reducing fire spread were ‘treated’ by reducing the
amount and type of fuel available for a wildfire. The fire and erosion models were run a second time for treated conditions
to see whether the treatment resulted in a reduced fire intensity and probability, and hence a reduced erosion rate. The
estimated erosion rates the first year after the fire dropped from 46 Mg ha™ ' before treatment to 26 Mg ha~' for polygons

that had received fuel treatments.
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Introduction
Background

Managers of fire-prone watersheds are looking for ways
to protect communities, forest resources, municipal water
supplies, and other societal values from the detrimental and
expensive effects of wildfire. Increased fuel loads from past
decades of fire suppression (Agee 1993; Keane et al. 2002),
climate change (Flannigan ef al. 2000; Westerling et al. 2006;
Jolly et al. 2015) and change in land use (Moreira et al. 2011) are
increasing the risks of large, high-severity wildfires in forests
and shrublands. These high-severity fires in turn increase the
risk of flash floods and surface erosion (Forrest and Harding
1994; Robichaud et al. 2013). Increased post-fire erosion rates
can severely degrade water quality (Santin ef al. 2015) and
reduce reservoir storage capacity (Tiedemann er al. 1979;
Moody and Martin 2001; Neary ef al. 2005; Smith et al. 2011;
Santin et al. 2015). In response to these risks, land managers
responsible for protecting forestlands and watersheds, espe-
cially those that provide municipal water supplies, are consi-
dering ways to mitigate the effects of wildfire on water resources
through the use of fuel reduction treatments (Buckley et al.
2014; Sidman et al. 2015). Fuel reduction treatments, such as
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thinning and prescribed burning, have been shown to be effec-
tive in modifying fire behaviour and fire severity (Reinhardt
et al. 2008; Cochrane et al. 2012). A reduction in fire severity
can then reduce threats to important ecosystem services
including the availability of clean water, recreation opportu-
nities and timber, as well as fish and wildlife habitat. However,
the costs associated with fuel reduction treatments can limit their
application (GAO 1999, 2007; Sampson et al. 2000).

In this context of concerns about the detrimental effects of
wildfire on watershed resources and the costs of fuel reduction
treatments, a group of stakeholders associated with the
Mokelumne River Basin in California, USA, came together in
2012 to see if an economic case could be made for increased fuel
treatment in the basin. The 1500-km* Upper Mokelumne Basin
is located on the western slope of northern California’s Sierra
Nevada Mountains. The North Fork of the Mokelumne River cut
through granite to form deep canyons and flows through a
rugged landscape with granite domes, much like its neighbour
to the south — Yosemite National Park. The Mokelumne
Wilderness area encompasses much of the northern portion of
the watershed. Recreational activities include fishing and
camping, but the river is particularly famous for whitewater
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Table 1.
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WEPP (Water Erosion Prediction Project) soil and vegetation severity categories as determined by flame lengths predicted

by FlamMap, and the distribution of fire severity observed after the Power Fire and predicted by FlamMap for that fire

FlamMap flame length (m)

0 0-1.2 1.2-2.5 =25
WEPP burn severity category Unburned Low Moderate High
WEPP soil category and ground cover (%) Unburned 60-80 Low 60 Low 45 Low 15
if prefire vegetation was grass
WEPP soil category and ground cover (%) Unburned 99 Low 60 Low 45 High 15
if prefire vegetation was forest
Power fire distribution (%) 55 24 13
Present study distribution (%) 12 41 29 18

rafting and kayaking. The basin is an important water source for
agriculture and provides drinking water to 1.3 million residents
in the San Francisco Bay area. The Mokelumne River also
provides hydropower, with a generating capacity of 215 MW.
The extensive forest stands within the basin are under both
public and private ownership. Much of the forested land is at risk
of wildfire as evidenced by the Power Fire (2004, 70 km?) within
the basin, and the nearby Rim (2013, 1040 km?) and King (2014,
390 km?) fires, and most recently, the Valley Fire (2015,
170 km?) and the Butte Fire (2015, 288 km?), which included
38 km? within the Mokelumne Basin. Major landowners include
the US Forest Service, Bureau of Land Management and Sierra
Pacific Industries (Buckley et al. 2014).

In order to spatially prioritise fuel treatments and to deter-
mine the economic value of increasing treatments compared
with a ‘do-nothing’ scenario during this time of increasing fire
threat in the Upper Mokelumne Basin in California, the US
Forest Service, The Sierra Nevada Conservancy and The Nature
Conservancy brought together a diverse set of stakeholders to
form the Mokelumne Avoided Cost Analysis (MACA) committee
(Buckley et al. 2014). Stakeholders included land, water and
utilities managers, federal, state and local agencies, local stake-
holders, and environmental organisations. The MACA committee
developed a methodology to forecast the impacts of fuel treat-
ments on wildfire risks and erosion rates in watersheds both before
and after wildfire in order to link the benefits associated with fuel
treatments with their costs. The objectives of the present paper
are to describe the assumptions, methods and limitations for
predicting sediment delivery from hillslopes in a forested basin
as impacted by wildfire and fuel management in support of a
larger economic analysis of the costs and benefits of forest fuel
management activities to reduce the occurrence or severity of
wildfire.

Fire intensity and burn severity

Two attributes commonly used to describe wildland fire are fire
intensity (attribute of the fire) and fire or burn severity (attribute
of the fire effects) (Keeley 2009; Alexander and Cruz 2012).
Fire-line intensity is a common descriptor of the rate of flame-
front energy release during a spreading fire. It can be helpful in
understanding both active fire characteristics and effects on the
landscape, as well as in the development of fire behaviour
models. Fire-line intensity is a function of fire spread rate and
fuel consumption (Byram 1959; Alexander and Cruz 2012).

Flame length is then estimated from fire-line intensity values.
Fire-line intensity is generally associated with fire or burn
severity. Severity is a qualitative description of fire effects, and
is commonly categorised as ‘unburned’, ‘low’, ‘moderate’ or
‘high.” The category depends on the loss of canopy, litter and
organic matter on and in the soil, leading to greater erosion risk
(Hessburg et al. 2007; Keeley 2009; Parsons et al. 2010). Keeley
(2009) discussed the limitations of this assumption and how it
varies with plant community (Parsons ez al. 2010), but concedes
that fire-line intensity is generally linked to burn severity by
post-fire managers. Severity is only one of the inputs needed for
predicting soil erosion following an actual or a simulated
wildfire (Elliot 2013). Keeley (2009) stated that fire or burn
severity often has less influence on post-wildfire erosion than do
other site attributes, in particular topography, soil properties and
climate.

FlamMap

FlamMap is widely used by fuel managers in the US to target
fuel treatments based on predicted damage to forest plant
communities, and was the fire intensity model selected by the
fire modelling team for the Mokelumne analysis (Buckley et. a/
2014). FlamMap is a spatial fire behaviour model that uses land
cover, topography and fuel characteristics data from the
LANDFIRE database (Rollins 2009), along with fuel moisture
and weather data (Finney 2006). Resulting fire behaviour
predictions are pixel-based (30-m resolution) and include fire-
line intensity (kW m "), heat per unit area (kJ mfz) and flame
length (m). The soil and vegetation burn severity category and
ground cover for erosion modelling were determined from the
predicted flame length for each pixel (Table 1). Determining
where to set flame length thresholds to provide a distribution of
fire severity similar to observed severity distributions was based
on fire behaviour interpretations (Andrews and Rothermel 1982),
distribution of severity observed on post-wildfire field obser-
vations (http://forest.moscowfsl.wsu.edu/cgi-bin/BAERTOOLS/
baer-db/index.pl, accessed 10 February 2016) and in particular,
the distribution of fire severity following the 2004 Power Fire
in the basin (Breibart et al. 2004).

FSim

The Fire SIMulation system (FSim) uses historical weather data,
topography, past wildfire ignitions, fuel and vegetation data to
simulate wildfire ignition, fire growth and suppression (Finney


http://forest.moscowfsl.wsu.edu/cgi-bin/BAERTOOLS/baer-db/index.pl
http://forest.moscowfsl.wsu.edu/cgi-bin/BAERTOOLS/baer-db/index.pl

878 Int. J. Wildland Fire

W. J. Elliot et al.

2 Erosion current burned
Mg year " ha™'

[ 151-100

[ 1110-200
[T 1 210-300
[ 310-400
B 410-600

Fig. 1. Map of predicted post-fire erosion for the first year after the fire for the Mokelumne Basin for current conditions. The treatment

analysis units (AUs) are outlined on the map.

et al. 2011). The model estimates burn probability by simulating
10000 to 50 000 years of fire seasons under the same vegetation
and fuel conditions. Burn probability is the number of simulations
in which a pixel burns divided by the total number of simulations
(Finney et al. 2011). For the Mokelumne basin, FSim was run
using vegetation data from the same LANDFIRE database as the
other modelling activities, but at 90-m resolution. Modelling was
carried out for three elevation zones in order to account for
differences in ignition patterns. Calibration runs were undertaken
to adjust input variables in order to match predictions with
historical fire occurrences for each zone. Once calibrated, the
model was run for 40 000 fire seasons (see Buckley et al. 2014 for
further details).

The WEPP Model

The Water Erosion Prediction Project (WEPP) Model is a
process-based model that predicts runoff and sediment yields
from planar hillslopes and small, unchannelised watersheds
(Flanagan and Nearing 1995; Laflen et al. 1997). The surface
hydrology component of the WEPP model uses climate, soils,
topography and vegetation input files to predict infiltration,
runoff volume and peak discharge for each simulated storm or
snowmelt runoff event. WEPP then uses the same inputs and
runoff predictions to calculate rill and interrill erosion, as well as
sediment yield from the hillslope (Flanagan and Nearing 1995).
For the WEPP forest vegetation database, Elliot (2004)
categorised forest vegetation as Mature Forest, Young Forest,
Low-Severity Fire and High-Severity Fire in an online interface

to the WEPP model. Elliot’s (2004) database consisted of soils
with properties that were dependent on the forest vegetation or
burn severity category and the soil texture (sandy loam, silt
loam, clay loam or loam). In addition, the ground cover resulting
from the vegetation condition was a critical input to the WEPP
model. The relationships among plant community, fire intensity,
burn severity and soil erosion are central to the theme of the
present manuscript.

Methods
Modelling approach

To forecast the benefits of fuel treatments on the Mokelumne
Basin, erosion was modelled under four distinct conditions:

. current vegetation fuel conditions in the absence of fire;

. after a fire assuming current vegetation fuel conditions;

. after proposed fuel treatments; and

. after a fire following the application of proposed fuel
treatments.

W N —

The mapped erosion predictions following wildfire (condition 2,
Fig. 1) in conjunction with the burn severity predictions, asset
locations within the basin and other considerations were used by
the MACA Advisory committee to plan and prioritise fuel
reduction treatments within the basin. The application of these
treatments, which included prescribed fire and mechanical and
hand thinning, could impact erosion rates within the watershed,
so the effects of these treatments were modelled for the third
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Table 2. A pixel-based assessment of FlamMap predictions of burn

severity from 10 preliminary calibration wildfires using the flame

length thresholds shown in Table 1 and thresholds calibrated for the
specific site

Calibrated crosswalk
overall accuracy (%)

Fires Mokelumne crosswalk
overall accuracy (%)

Rim Fire, CA 42 37
Powerhouse, CA 27 56
Chips, CA 41 32
Waldo, CO 37 39
Little Sand, CO 49 30
Whitewater Baldy, NM 34 35
Little Bear, MN 34 36
Poco, AZ 49 23
Mistake Peak, AZ 25 25
Sheep, ID 28 29

condition. Fuel treatments were proposed for elevations
between 300 and 2000 m in the watershed, covering most of
the mixed-conifer forests. Fuel loading and canopy cover were
assumed to be changed as a result of these treatments. The effect
of treatments on burn severity was then modelled and new
predictions of burn severity were used to model post-fire erosion
after treatments for the fourth condition. The modelling results
were used in two ways. The first application was to prioritise
treatments based on post-fire erosion risk. The second applica-
tion was to synthesise the modelling results from the four runs to
quantify the watershed benefits and compare them with the cost
of treatments to determine whether the costs of proactively
treating forests before fire are justified by the savings from
either not having a wildfire occur or from a reduction in wildfire
severity.

Three different models were applied sequentially to quantify
the reduction in sediment due to fuel treatments within the
Mokelumne basin (Buckley et al. 2014). The first model,
FlamMap (Finney 2006), was used to predict burn severity both
before and after proposed fuel reduction treatments. The proba-
bility that each cell on the landscape may be burned in 40 000
potential fire seasons was modelled using the FSim system
(Finney et al. 2011). FSim also predicted the perimeters of fires
that occurred within the 40 000 fire seasons. The WEPP model
(Laflen er al. 1997) used fire intensity predictions from
FlamMap along with other watershed properties to predict
hillslope erosion following wildfire both before and after treat-
ments. FSim was run for 90-m pixels, whereas both FlamMap
and WEPP were run using 30-m pixels.

FlamMap runs for the Mokelumne Basin were created using
LANDFIRE data heavily customised with local knowledge. The
resulting predictions of flame length and burn severity were
deemed reasonable as the most severe burns were on heavily
vegetated north slopes (more fuel) along the North Fork of the
Mokelumne River and Salt Springs Reservoir. The predictions
of high-severity fires on north-facing slopes were anecdotally
confirmed by the local fire chief during an onsite visit before the
commencement of modelling in November 2012.

Preliminary FlamMap results from 10 recent wildfires are
presented in Table 2. In these analyses, standard LANDFIRE

Int. J. Wildland Fire 879

FlamMap inputs were used to predict burn severity and the
results were compared with observed soil burn severity maps
from US Forest Service post-fire Burned Area Emergency
Response (BAER) teams. Overall accuracy is the percentage
of pixels correctly classified divided by total number of pixels.
For the first set of predictions, the standard thresholds from
Table 1 were applied. The second set of predictions utilised
custom crosswalk tables created for each fire based on the
distribution of burn severity classes from a neighbouring historical
fire. These typical results (Lewis et al. 2006) show why research is
ongoing to improve the methodology for predicting burn severity
(Holden et al. 2009; Parks et al. 2014).

The initial FlamMap burn severity predictions from 10 recent
fires demonstrated the Mokelumne crosswalk table (Table 1)
performed as well as calibrating FlamMap flame lengths to recent
historical fire events. The overall accuracy of using FlamMap
with the Mokelumne flame-length crosswalk table for these 10
fires was 38% compared with the overall accuracy achieved by
using distributions from nearby historical fires, which had an
accuracy of 36% of the pixels being correctly predicted.

Predicting post-fire erosion rates across the entire 1500-km*
Upper Mokelumne Basin necessitated the use of the geospatial
interface for the Water Erosion Prediction Project (GeoWEPP)
(Renschler 2003). GeoWEPP facilitates the use of WEPP across
large areas by converting Geographic Information System (GIS)
data into WEPP input files, running WEPP, and then compiling
the results into spatial maps and text summaries.

Development and compilation of data

Prior to preparing model inputs, land cover, soil and topography
data were collected in the watershed at various elevations and
forest conditions from multiple sources to ensure accuracy. The
LANDFIRE vegetation files used as input to the fire spread
models were modified to incorporate detailed local knowledge of
site conditions. These same files were used to support prefire
WEPP runs, and to aid in developing post-fire soil and vegetation
files. For the spatial WEPP modelling, the Upper Mokelumne
Basin was divided into 244 subwatersheds averaging ~6 km?,
using a digital elevation model (DEM) and ESRI watershed tools.
Subwatersheds were used to create smaller raster inputs (DEM,
soil, land cover) for batch files. These batch files were then
modelled in a batched version of GeoWEPP (Miller et al. 2011).
In the cases where the subwatersheds contained more than one
drainage outlet or the model failed to run, the subwatersheds were
rerun using GeoWEPP for ArcGis 9.3. The resulting erosion
prediction maps from the batch runs were then merged into a final
erosion map for each of the four conditions (Fig. 1).

Climate data

WEPP uses a stochastic weather generator called Cligen (Nicks
et al. 1995) to generate a daily weather sequence, including the
precipitation amount, peak intensity and duration, minimum and
maximum temperatures, dew point, mean solar radiation, and
wind speed and direction. The input to Cligen is from a database
of more than 2600 long-term climate stations within the United
States. The US Forest Service has complemented this database
with Rock : Clime, an interface to Cligen that estimates mean
monthly rainfall amounts between stations (Elliot e al. 1999;
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Table 3. Stochastically generated climate files for the Mokelumne Basin

Physical elevation range (m) Climate file

Modelled elevation (m) Average annual precipitation (mm)

100-300 Tiger Low Rock : Clime-PRISM 259 799
300-600 Tiger Low2 Rock : Clime-PRISM 535 951
600-900 Tiger Creek Station 719 1176
900-1200 Calaveras Low Rock : Clime-PRISM 1093 1138
1200-1500 Calaveras Big Trees Station 1432 1383
1500-2000 Calaveras Big Trees High Rock : Clime-PRISM 1868 1336
2000-2400 Twin Lakes Station 2386 1249
=2400 Twin Lakes High Rock : Clime-PRISM 2646 1438

Climate zones

® (Cligen stations

D Analysis units

pp — annual precipitation (mm)
7 I Tiger low1 elev 259 m, pp 799
- Tiger low2 elev 535m, pp 951

- Tiger elevation 719m, pp 1176

[ | calaveras low elev 1093m, pp 1138
- Calaveras elevation 1432m, pp 1383
7] calaveras high elev 1868 m, pp 1336
- Twin lakes elevation 2386 m, pp 1249
- Twin lakes high elev 2646 m, pp 1438

Fig. 2. Map displaying the distribution of climate forecasts within the Mokelumne Basin and the location of the three National
Oceanic and Atmosphere Agency weather stations (Twin Lakes, CA; Tiger Creek Power House, CA; and Calaveras Big Trees, CA).

The treatment analysis units (AUs) are outlined on the map.

Scheele et al. 2001). The interface also allows users to change
the number of wet days within a month, and to alter the average
maximum and minimum temperatures either manually, or based
on an adiabatic lapse rate between the nearest weather station
and the site of interest. The interpolation is particularly impor-
tant in mountainous areas such as the Mokelumne Basin because
of the large changes in climate conditions that occur with
changes in elevation over short distances (Table 3), as well as the
paucity of climate stations in remote mountainous areas. The
interpolation procedure in Rock : Clime modifies the monthly
precipitation for a selected climate station based on elevation
and PRISM data (Parameter-elevation Regressions on Inde-
pendent Slopes Model; Daly et al. 2004). The PRISM database
with a spatial resolution of 4 km? is used by Rock : Clime.
Three US National Oceanic and Atmosphere Agency
(NOAA) weather stations in the Cligen database are located

within or near the Mokelumne Basin. These stations (Twin
Lakes, Calaveras Big Tree and Tiger Creek; Fig. 2) were used to
develop an additional five climate files with the Rock: Clime
interface. The additional climates were needed to account for the
impacts of elevation changes in the watershed (Table 3). Each
climate input file contained 50 years of daily stochastically
generated weather data. The average elevations of the initial
WEPP subwatersheds were then used to select the appropriate
climate file (Fig. 2) for each subwatershed.

Land cover, ground cover and vegetation input files
for WEPP

Land-cover data were obtained from the LANDFIRE Project
(Rollins 2009). For erosion modelling the same LANDFIRE
land-cover data that were modified with field observations
for the fire modelling runs were used (Buckley e al. 2014).
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In addition to making the process more efficient by using the
same dataset, this ensured consistency across the modelling
efforts. The next step was to reclassify the land-cover data layer
into WEPP database cover types (e.g. Forest, Young Forest,
Shrubs, ‘Tall’ (bunch) Grass, ‘Short’ (sod-forming) Grass) in
order to model background erosion rates from the Mokelumne
Basin without fire. In the WEPP database, the land-cover type is
linked to both vegetation and soil properties (Elliot 2004).

For modelling post-fire conditions, the FlamMap fire inten-
sity maps from before and after fuel reduction treatments were
used to reclassify land cover into unburned, low, moderate, and
high burn severity classes (Table 1). In order to model the
potential erodibility effects of the fuel reduction treatments, the
map of proposed treatments developed for this analysis was
used. It was assumed that the prescribed fire treatments would
have a low-severity soil condition for the year following the
treatment with 85% ground cover, and the thinning-only treat-
ments would have unburned forest soil properties and 90% cover
(Elliot and Miller 2004; Dobre et al. 2014).

Soils data

For the WEPP modelling, the LANDFIRE soil layers that were
derived from STATSGO (STATe Soil GeOgraphic) data
(USDA 1991) were used to build soil input files for WEPP. This
dataset included: maximum soil depth, percentage rock
fragments (>2.0 mm), sand, silt and clay. The percentages of
sand, silt and clay in the soil were used to classify each soil pixel
into one of the four soil texture classes represented in the WEPP
forest soil database (sandy loam, loam, silt loam and clay loam).
WEPP input parameters (e.g. effective hydraulic conductivity,
soil albedo and rill erodibility) specific to each soil texture class
were then used in the modelling (Elliot er al. 2000). Soil pro-
perties also vary according to predicted burn severity and the
type of vegetation that burned (forests, shrubs or grasses)
(Pierson et al. 2001; Elliot 2004; Robichaud et al. 2007).

Topographic data, watershed delineation and processing

A DEM was downloaded from the National Elevation Dataset at
30-m resolution (Gesch et al. 2002; Gesch 2007). GeoWEPP
utilises TOPAZ, Topographic Parameterization (Garbrecht and
Martz 1999), to delineate watersheds and create the polygon
slope length, steepness and width files needed to run WEPP for
each hillslope polygon and channel segment. Required input
parameters for TOPAZ include the critical source area (CSA) to
define a stream first-order ephemeral channel and minimum
first-order channel length (MSCL) (Renschler 2003). The
default GeoWEPP settings were accepted for these variables,
5 ha for CSA and 100 m for MSCL, which resulted in a mean
hillslope size of ~4 ha.

Results

Sediment delivery from hillslopes in the Mokelumne Basin was
estimated and mapped for the four conditions: (1) current
vegetation fuel conditions in the absence of fire; (2) after a fire
assuming current fuel conditions; (3) after the fuel treatments
and no fire; and (4) after a wildfire following fuel treatment. The
first condition determined background erosion rates without fire
under the current vegetation conditions. The mean predicted
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sediment delivery from ~36 000 hillslope polygons within the
unburned basin was 0.67 Mg year ' ha™' and 0.4 Mg year '
ha™" from ~9900 hillslopes in the lower-elevation portion of the
watershed where treatments were planned. Forested hillslopes
typically did not generate significant erosion, but the steep,
barren rocky slopes in the upper portions of the basin were
highly erodible as is typical of high-elevation areas in the Sierra
Nevada Mountains (Brooks et al. 2016). The second condition
used the burn severity based on the FlamMap predictions for the
current vegetation conditions to predict post-fire erosion
(Fig. 1). Average first year post-fire hillslope erosion in the
Mokelumne Basin was 32 Mg year~ ' ha™', 50 times higher than
the unburned conditions.

The mapped post-fire erosion predictions for current condi-
tions along with the fire modelling results and other considerations
were used by the MACA committees and stakeholders to help
plan and prioritise a fuel reduction treatment strategy within the
basin. The treatment selection process focussed on reducing
risks from fire and post-fire sediment to water utility and other
infrastructure resources (Buckley et al. 2014). Wilderness and
roadless areas were for the most part excluded from the analysis
as treatments could not be carried out in these areas and they do
not possess infrastructure that would be threatened by wildfire.
An online GIS platform was created to allow stakeholders to
review the data and then easily select treatment analysis units
and provide a rationale for their decisions. The watershed was
divided into 148 potential treatment analysis units (AUs) with an
average area of 10 km? (Figs 1-4). The post-fire erosion and
burn probability maps were averaged by AUs and then classified
into five risk quantiles. To further help stakeholders choose AUs
for treatments, additional map layers containing towns, roads,
building densities, land ownership, topography, transmission
lines, hydropower facilities, wilderness areas and water con-
veyances were provided. Stakeholder and MACA committee
selections were then combined and through an iterative process,
46 AUs were selected for treatment (Fig. 3). Recent studies
indicate the minimum area needing to be treated in a watershed
to lower burn probability is 10-20% (Ager et al. 2007; Finney
etal. 2007) and that strategically treating 35% would be ideal for
reducing risks (Ager et al. 2013). The proposed treatment AUs
covered ~29% of the Upper Mokelumne watershed (Buckley
et al. 2014), which should be enough to reduce fire probability
within the entire watershed.

The application of these treatment prescriptions, which
included prescribed fire, biomass removal and thinning, would
not only impact fire behaviour, but also could result in soil
erosion, so the effects of these treatments on soil erosion were
modelled for the third condition. Fuel treatments were planned
only in the lower portions of the watershed and the mean
predicted sediment rate basin-wide from treating ~9900
hillslope polygons was 0.69 Mg year ! ha™', an increase of
0.02 Mg year ' ha 'over the current condition run without
treatments. Canopy cover and fuel loads decreased as a result of
these treatments and the treated landscape was modelled in
FlamMap. The treated FlamMap burn severity predictions were
used to model the first year post-fire erosion for the treated
watersheds. The average first year post-fire erosion rate (after
fuel treatments) for the whole watershed was 26 Mg year '
ha~', or6 Mgyear ' ha ' less than the average post-fire erosion



882 Int. J. Wildland Fire

W. J. Elliot et al.

D Upper Mokelumne watershed
| Treated areas

[:] Analysis units

Fig. 3. Areas selected for treatment. The treatment analysis units (AUs) are outlined on the map.

rates without treatments. In the second year post-fire, erosion
rates for both the current conditions and treated conditions are
predicted to drop to only 10% of their first year post-fire values,
and return to prefire levels within 5 years (Robichaud ez al.
2007). A summary of predicted erosion rates for the entire basin
is found in Table 4. If only the treated portions of the basin are
considered; the reduction in post-fire erosion between the
current conditions and treated runs is even greater: 20 Mg year '
ha™' (Table 5).

Predictions of both burn severity and post-fire erosion rates
are comparable with field- and satellite-derived measurements
collected in or near the basin. Model validation of post-
fire erosion is very difficult given the high variability in post-
fire erosion rates and uncertainties involved when predicting
future fire effects and climate scenarios (Robichaud ef al. 2007;
Keeley 2009). However, the ratio of high, moderate and low
burn severity from the FlamMap-derived predictions for post-
fire burn severity was consistent with a satellite-derived map of
burn severity for the 2004 Power Fire that burned within the
Mokelumne Basin (Table 1). Field measurements of post-fire
erosion rates from the nearby Cannon Fire ranged from 2.5 to
15Mgyear ' ha™' (Robichaud ez al. 2008) and the Cannon Fire
site is drier than the Mokelumne Basin, with a mean annual
precipitation of only 658 mm compared with the range of 799—
1438 mm expected in the Mokelumne Basin. Erosion rates
measured following other wildfires further south in the Sierra
Nevada Mountains were 25 Mg ha~' (mulched) to 46 Mg ha™!
(untreated) for a high-severity site in the Cedar Fire (Robichaud
et al. 2013), where the annual precipitation was 398 mm year .

Table4. Summary of the results from the four hillslope erosion model
runs for the entire Mokelumne Basin (~36 000 hillslope polygons for

1500 km?)
Current Fire following Treatment Fire following

condition  current condition effects treatment

(Mgha ") (Mgha ") (Mgha™')  (Mgha ")
Mean 0.67 32 in year 1 0.69 26 in year 1

erosion

range 0-84 0-566 0-84 0-535
Standard 3.0 55 25 44

deviation

Table 5. Summary of results from the four hillslope erosion model
runs for only the treated portions of the Mokelumne Basin (~9900
hillslope polygons for 409 km?)

Current Fire following  Treatment Fire following
condition current condition  effects treatment
(Mgha™) (Mgha™h) (Mgha™")  (Mgha™!)
Mean 0.40 46 in year 1 0.69 26 in year 1
erosion
range 0-84 0-566 0-8 0-535
Standard 25 69 Mg ha™' 25 36

deviation
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Fig. 4. Map of the differences between post-fire erosion predictions for current conditions x burn probability for current

conditions and post treatment x burn probability post treatment.

Although these comparisons do not validate the modelling, they
do demonstrate the results are reasonable.

Frequency of burning

The fire behaviour modellers (Buckley et al 2014) also
provided spatial predictions of fire probability derived from the
FSim model (Finney et al. 2007) for both current conditions and
after the application of fuel reduction treatments. One of the
benefits of fuel reduction treatments is a decrease in fire pro-
bability due to changes in fuel load properties and canopy, a
benefit that can extend into untreated areas. The probability of fire
in a given year is fairly low for most of this moist basin, with
predicted fire return intervals typically ~200—400 years (Buckley
et al. 2014). In order to incorporate fire probability into erosion
modelling, it is necessary to multiply the predicted sediment
delivery from each hillslope polygon following a wildfire event by
the average probability of fire occurring for all the pixels within
the boundaries of that polygon (Elliot 2013). This can be done for
both the untreated and treated post-fire erosion estimates. Fig. 4 is
a map of the difference between (i) the first year post-fire erosion
under current conditions multiplied by current burn probability,
and (ii) first year post-fire erosion following treatments multiplied
by burn probability after treatments. Overall the modelled treat-
ments are predicted to decrease burn severity, wildfire probability
and post-fire erosion rates. The average reduction in post-fire
erosion for the entire basin due to fire between the current
conditions and post treatment was 0.05 Mg year ' ha~'. This
metric, however, does not allow us to examine the effects of the
treatments on erosion rates in the absence of fire. In order to
estimate long-term (century-scale) ‘average annual’ erosion rates,
all four conditions needed to be considered (Elliot 2013).

To estimate ‘average annual’ erosion rates, it is necessary to
account for erosion in both fire and non-fire years, as well as the
effects of treatments on erosion rates and burn probabilities (Elliot
2013; Miller et al. 2011). Under current conditions, long-term
hillslope erosion rate (4verage Erosion,.) can be represented by
Eqn 1. If the assumed effects of fuel reduction treatments last 25
years, then Eqn 2 represents long-term erosion rates (4Average
Erosion,,.) with regular fuel reduction treatments.

Average Erosionc. = Ecc_fire X bpce_fire

1
+ (1 - bpcc_ﬁre) X Enf ( )

Average Erosion, = Ej_fire X bpy_fire + (1 — bp,,_ﬁ,e)

x (24 X E,y + E,) /25 @
where:
E.c_sire is the mapped post-fire erosion rates for current
conditions (Mg ha™ 1),
E,_jire 1s the mapped post-fire erosion rates following fuel
treatments (Mg ha "),
E,, is the mapped erosion rates due to the effects of the fuel
treatments (Mg ha™"),
E,, is mapped erosion rates for current conditions in the
absence of fire (Mg ha™"),
bpcc_jire 1s the mapped probability of fire under current
conditions (decimal),
bpy_sire 1s the mapped probability of fire following fuel
treatments (decimal).

These equations were used in conjunction with the four
model runs to develop long-term ‘average annual’ erosion rates
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for the treated portions of the basin with and without fuel
reduction treatments every 25 years. Model results for long-
term average erosion rates for current conditions were 0.64 Mg
year~! ha™!, compared with 0.52 Mg year ' ha™' if the
designated treatment area is treated as modelled. The predic-
tions indicate that regular treatments (every 25 years) will
significantly reduce long-term overall erosion rates by lowering
the ‘average annual’ erosion rate by 19%.

Discussion

The goal of the MACA committee was to determine whether an
economic case could be made for increased investment in fuel
reduction treatments in the Upper Mokelumne Basin in the face
of increasing wildfire threats. This is a challenging task as it is
difficult to assign economic value to resources such as fish and
wildlife habitat, tourism and recreational opportunities, and
cultural sites, which ultimately were left unquantified in the
final analysis. To simplify the analysis, the committee focussed
on resources that could be readily assigned a dollar value. These
included the avoided sediment costs as well as the costs of
homes, infrastructure, treatment implementation, timber, carbon
sequestration, and fire suppression and clean-up.

The sediment modelling results from the current condition
runs (conditions 1 and 2) factored heavily into the treatment
selection process of the MACA committee. The modelling
results allowed the MACA committee to factor in potential risk
from a wildfire to downstream assets rather than only on assets at
direct risk from the potential flames themselves. This expanded
the area of the treatment scenario to more remote areas of
the watershed than might not have been included if only the fire
model results were used to determine the treatment scenario. The
sediment modelling demonstrated the potential impacts to assets
beyond the burn area itself, increasing the number of stakeholder
groups that became involved in the MACA committee.

The importance of the analysis described in this paper was
underscored in two ways in 2014, when sedimentation following
the 40 000-ha King Fire, 60 km north of the Mokelumne Basin,
threatened a municipal watershed. The databases developed and
experience gained in the MACA analysis allowed us to rapidly
carry out an erosion risk assessment following the King Fire. Ina
post-fire analysis using the same WEPP tools as the current
study, hillslopes with the greatest risk of sediment delivery were
targeted for post-wildfire mulching. More than US$1 million
was spent on mitigation, with the costs shared by the Sacramento
Municipal Utility District and the US Forest Service to protect a
hydroelectric and water supply reservoir downstream of the fire
(Jeff TenPas, USFS Region 5 BAER coordinator, pers. comm.,
10 April 2015). Had those hillslopes been treated to reduce the
fuel load, the likelihood and severity of the wildfire in that
sensitive area may have been reduced (Reinhardt e al. 2008;
Cochrane et al. 2012).

There was a low probability of fire in any given pixel in this
basin as predicted by the FSim model (0.0025 to 0.005). As there
are 170 000 pixels, the probability of at least one cell experiencing
a fire in any given year is greater than 0.999, and assuming a
probability of 0.003, on average, approximately five hundred
90-m cells would be burned each year (B. Bird, Rocky Mountain
Research Station statistician, pers. comm., November 2015), or
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~400 ha. In 30 years, this would be 12 000 ha (120 km?) burned.
The FSim results including individual cell probabilities and
potential fire boundaries were analysed by the specialists in
Buckley et al. (2014) focussing on the lower-elevation, non-
wilderness part of the basin where fuel treatments could be
applied. They determined that in any given year, 10% of this
area has a 1 in 126 chance of burning. This led to a prediction
that within the next 30 years, fire will burn ~190 km? in the
basin, similar in magnitude to the simple prediction above. The
Butte Fire (2015, 273 km?) burned 37.9 km? of the lower
Mokelumne Basin. Thus, in the first year following the study
of Buckley et al. (2014), 20% of the predicted burn area for the
next 30 years has burned. Interpreting the probability of fire is
further complicated because the FSim runs were carried out
using historic climate scenarios. Fire occurrence and severity
are predicted to increase under future climates (Westerling et al.
2006). Also, the version of FSim used for the current analysis
may not have been giving correct consideration to canopy
effects (J. Scott, fire modelling consultant, pers. comm.,
November 2015). Another consideration in interpreting these
results is that the recent extended drought in this region has
resulted in an increase in both fire size and severity, so having a
large fire occur at this time would be expected. Whether this
increase in fire occurrence is due to normal climatic cycles,
recent fire suppression activities leading to an accumulation of
fuel (Agee 1993; Steel et al. 2015) or long-term climate change
as suggested by many (Westerling er al. 2006; Geological
Society of America 2015) is beyond the scope of the present
manuscript.

Based on the FSim results and expert review, five simulated
fires from the modelling became the focus of the economic
analysis, such that those five fires (or similar ones) are likely to
occur within the watershed over a 30-year period. The fire
behaviour models predicted a significant decline in both fire size
and intensity due to fuel treatments. Low and high estimates of
the dollar value of the resources that would be lost if one of the
five fires occurred were tabulated with and without the fuels
treatments. The analysis predicted that the economic benefits of
the fuels treatments were two to three times more than the costs
of treatments. Total treatment cost for the proposed 46 AUs was
estimated to be US$68 million (including maintenance costs
over 30 years) compared with the lower estimated avoided cost
of US$126 million and the higher estimate of US$224 million.
The assumptions of the potential fire size and potential costs of
future fires were intentionally conservative. Over the 30-year
time frame, the five fires are predicted to burn a total of
21000 ha at high severity, accounting for 27% of the burned
area (Buckley et al. 2014). Contrasting this with four major
recent wildfires that occurred on either side of the Mokelumne
Basin: the Rim Fire (2013) burned 104000 ha, 38% high
severity; the King Fire (2014) burned 39000 ha, 47% high
severity (http://www.fs.fed.us/postfirevegcondition/index.
shtml, accessed 11 February 2016); the Butte Fire (2015) burned
27300 ha, 20% high severity; and the Valley Fire burned
27300 ha with 27% high severity. These individual fires were
much larger and two burned at a higher severity than the
modelled fires that were used to create cost estimates; therefore,
the potential costs associated with the modelled future fires are
likely underestimated.
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Avoided cost due to sediment may have been undervalued by
this process owing to an inability to sufficiently quantify the
potential impacts to aquatic and recreational resources, hydro-
power and treatment costs from potential post-fire sediment
depositions in key reservoirs. The estimated value of avoided
sediment costs was ~US$1 million, attributed to lost water
storage potential. This is a relatively small amount compared
with the costs associated with saving structures (US$32-45.6
million) or avoiding clean-up costs (US$22.5 million) (Buckley
et al. 2014). The hydroelectric utility operating in the
Mokelumne Basin was not concerned about sediment as the
watershed is equipped with multiple water conveyances that
allow the utility to select different water sources (Buckley et al.
2014). The water utility relies on upstream hydroelectric dams to
trap sediments before they reach the Pardee Reservoir at the
lower end of the basin where most of the drinking water intakes
are located. Loss of reservoir storage capacity was not a concern
to either utility company, but this attitude could change owing to
persistent drought conditions in Western states, with reduced
snowpack due to climate change (Mote 2006; Rauscher et al.
2008) or if one of the water storage reservoirs were lost owing to
areduction in useful storage capacity. The Tiger Creek Afterbay
reservoir with a storage capacity of 4.8 million m® was
constructed in 1931 for a hydroelectric plant. A rudimentary
bathymetric survey carried out in 2013 estimated storage has
dropped to just 1.2 million m>, a loss of ~75% of its original
capacity (Buckley et al. 2014). Elsewhere in the US, loss of
water reservoir storage capacity in watersheds recently impact-
ed by wildfire has cost water utilities millions of dollars in
additional water treatments and dredging expenses. In Colorado,
Denver Water has spent US$26 million treating drinking
water and dredging the Strontia Springs Reservoir following
the Buffalo Creek (1996) and Hayman (2002) wildfires (US
Department of the Interior 2013). In California, the Los Angeles
County Public Works plans to spend US$190 million dredging
four reservoirs impacted by sediment from the 2009 Station Fire
(US Department of the Interior 2013). California state legisla-
tors are considering increasing reservoir storage capacity by
building new reservoirs. The cost of storage for usable water
averaged US$20 m > for the proposed reservoirs (http://www.
fresnobee.com/2014/06/01/3956458/should-calif-add-new-dams.
html, accessed 19 August 2015). The loss of reservoir storage due
to sediment from a single 28 000 ha fire delivering only a tenth of
its sediment to the reservoir (~100000 m®) would be USS2
million. Sediment delivery, however, may not be immediate, but
will likely take time as eroded sediment from wildfires is often
deposited in upland channels, and then is gradually routed
downstream during large runoff events (Smith ez al. 2011; Elliot
2013).

Conclusions

The objectives of this paper are to describe the assumptions,
methods and limitations for predicting sediment delivery from
hillslopes in a forested basin as impacted by wildfire and fuel
management in support of a larger economic analysis of the
costs and benefits of forest fuel management activities to reduce
the occurrence or severity of wildfire. By linking fire behaviour
and post-fire hydrology models, a risk assessment map was
created that allowed land and water managers in the Mokelumne
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Basin to prioritise fuel reduction treatments to protect both land
and water resources. The erosion analysis was particularly
beneficial in engaging downstream water users in considering
the costs and benefits of watershed management practices to
reduce the impacts of wildfire on downstream water resources.
Offsite stakeholders are not commonly engaged in forest
management planning processes. This methodology helped to
bring together watershed managers and water users who had not
realised they too were stakeholders in forest fuel management.
The importance of targeting limited fuel treatment resources to
areas where the greatest benefits are achieved is gaining
recognition as society increasingly understands the importance
of improved watershed management. Work is ongoing to
improve the accuracy and application of both the fire spread and
watershed models and their linkages in order to provide land
managers with increasingly refined and spatially explicit data
that will allow them to better protect valuable water resources in
fire-prone regions.

Acknowledgements

The authors wish to acknowledge The Sierra Nevada Conservancy, the
USDA Forest Service and The Nature Conservancy for providing financial
support and considerable technical input into the report by Buckley ef al.
(2014), on which this study is based. The authors have also benefited from
additional agencies, non-government organisations and consultants who
contributed time and expertise to the Buckley et al. (2014) report. They are
grateful to colleagues who provided peer review comments throughout the
initial study and for the preparation of this manuscript.

References

Agee JK (1993) ‘Fire ecology of Pacific Northwest forests.” (Island Press:
Washington, DC)

Ager AA, Finney MA, Kerns BK, Maffei H (2007) Modeling wildfire risk
to northern spotted owl (Strix occidentalis caurina) habitat in central
Oregon, USA. Forest Ecology and Management 246(1), 45-56.
doi:10.1016/J.FOREC0.2007.03.070

Ager AA, Vaillant NM, McMahan A (2013) Restoration of fire in managed
forests: a model to prioritize landscapes and analyze trade-offs. Ecosphere
4(2), art29. doi:10.1890/ES13-00007.1

Alexander ME, Cruz MG (2012) Interdependencies between flame length
and fire-line intensity in predicting crown fire initiation and crown
scorch height. International Journal of Wildland Fire 21, 95-113.
doi:10.1071/WF11001

Andrews PL, Rothermel RC (1982) Charts for interpreting wildland fire
behavior characteristics. USDA Forest Service, Intermountain Forest
and Range Experiment Station, General Technical Report INT-131.
(Ogden, UT)

Breibart A, Leep K, Mulder C, Shannon C (2004) Technical specialist’s
report — Burned Area Emergency Response for the Power Fire. (USDA
Forest Service Region 5: Vallejo, CA).

Brooks ES, Dobre M, Elliot WJ, Wu JQ, Boll J (2016) Watershed-scale
evaluation of the Water Erosion Prediction Project (WEPP) model in the
Lake Tahoe Basin. Journal of Hydrology 533, 389—402. doi:10.1016/
JJHYDROL.2015.12.004

Buckley M, Beck N, Bowden P, Miller ME, Hill B, Luce C, Elliot WJ,
Enstice N, Podolak K, Winford E, Smith SL, Bokach M, Reichert M,
Edelson D, Gaither J (2014) Mokelumne watershed avoided cost
analysis: why Sierra fuel treatments make economic sense. Report
prepared for the Sierra Nevada Conservancy, The Nature Conservancy
and USDA Forest Service. (Sierra Nevada Conservancy: Auburn, CA)
Available at http://www.sierranevada.ca.gov/mokelumne [Verified 28
August 2014]


http://www.fresnobee.com/2014/06/01/3956458/should-calif-add-new-dams.html
http://www.fresnobee.com/2014/06/01/3956458/should-calif-add-new-dams.html
http://www.fresnobee.com/2014/06/01/3956458/should-calif-add-new-dams.html
http://dx.doi.org/10.1016/J.FORECO.2007.03.070
http://dx.doi.org/10.1890/ES13-00007.1
http://dx.doi.org/10.1071/WF11001
http://dx.doi.org/10.1016/J.JHYDROL.2015.12.004
http://dx.doi.org/10.1016/J.JHYDROL.2015.12.004
http://www.sierranevada.ca.gov/mokelumne

886 Int. J. Wildland Fire

Byram GM (1959) Combustion of forest fuels. In ‘Forest fire: control and
use’. (Ed. KP Davis) pp. 61-89, 554-555. (McGraw-Hill: New York, NY)

Cochrane MA, Moran CJ, Wimberly MC, Baer AD, Finney MA,
Beckendorf KL, Eidenshink J, Zhu Z (2012) Estimation of wildfire
size and risk changes due to fuels treatments. International Journal of
Wildland Fire 21, 357-367. doi:10.1071/WF11079

Daly C, Gibson WP, Doggett M, Smith J, Taylor G (2004) Up-to-date
monthly climate maps for the conterminous United States. In ‘Proceedings,
14th American Meteorological Society (AMS) Conference on Applied
Climatology’, 13—16 January 2004, Seattle, WA. 84th AMS Annual
Meeting Combined Preprints, Paper P5.1, CD_ROM (AMS: Boston, MA)

Dobre M, Wu JQ, Elliot WJ, Miller IS, Jain TB (2014) Effects
of topographic features on post-fire exposed mineral soil in small
watersheds. Forest Science 60(6), 1060—1067.

Elliot WJ (2004) WEPP internet interfaces for forest erosion prediction.
Journal of the American Water Resources Association 40, 299-309.
doi:10.1111/J.1752-1688.2004.TB01030.X

Elliot WJ (2013) Erosion processes and prediction with WEPP technology
in forests in the north-western US. Transactions of the ASABE 56(2),
563-579. doi:10.13031/2013.42680

Elliot WJ, Miller IS (2004) Measuring low rates of erosion from forest fuel
reduction operations. Presented at the Annual International Meeting of
the ASAE and CSAE. 1-4 August, Ottawa, ON. Paper Number: 045018.
(American Society of Agricultural Engineers: St Joseph, MI)

Elliot WJ, Hall DE, Scheele DL (1999) Rock: Clime Rocky Mountain
Research Station Stochastic Weather Generator Technical Documentation.
(USDA Forest Service, Rocky Mountain Research Station: Moscow, ID)
Available at http://forest. moscowfsl.wsu.edu/fswepp/docs/rockclimdoc.
html [Verified 12 January 2015]

Elliot WJ, Hall DE, Scheele DL (2000) Disturbed WEPP (Draft 02/2000)
WEPP interface for disturbed forest and range runoff, erosion and
sediment delivery. (USDA Forest Service, Rocky Mountain Research
Station: Moscow, ID) Available at http://forest.moscowfsl.wsu.edu/
fswepp/docs/distweppdoc.html. [Verified 14 January, 2015]

Finney MA (2006) An overview of FlamMap modeling capabilities. In
‘Fuels management — How to measure success: conference proceedings.’
(Comps PL Andrews, BW Butler) USDA Forest Service, Rocky Mountain
Research Station, Conference Proceedings RMRS-P-41, pp. 213-219.
(Fort Collins, CO)

Finney MA, Seli RC, McHugh CW, Ager AA, Bahro B, Agee JK (2007)
Simulation of long-term landscape-level fuel treatment effects on large
wildfires. International Journal of Wildland Fire 16, 712-727.
doi:10.1071/WF06064

Finney MA, McHugh CW, Grenfell IC, Riley KL, Short KC (2011) A
simulation of probabilistic wildfire risk components for the continental
United States. Stochastic Environmental Research and Risk Assessment
25(7), 973-1000. doi:10.1007/S00477-011-0462-Z

Flanagan DC, Nearing MA (1995) USDA — Water Erosion Prediction
Project: hillslope profile and watershed model documentation. NSERL
Report No. 10. (USDA—Agricultural Research Service National Soil
Erosion Research Laboratory: West Lafayette, IN)

Flannigan MD, Stocks BJ, Wotton BM (2000) Climate change and forest
fires. The Science of the Total Environment 262, 221-229. doi:10.1016/
S0048-9697(00)00524-6

Forrest CL, Harding MV (1994) Erosion and sediment control: preventing
additional disasters after the southern California fires. Journal of Soil
and Water Conservation 49(6), 535-541.

Government Accountability Office (GAO) (1999) Western national forests:
a cohesive strategy is needed to address catastrophic wildland fire
threats. Report GAO/RCED-99-65. (GAO: Washington, DC)

Government Accountability Office (GAO) (2007) Wildland fire manage-
ment: better information and a systematic process could improve
agencies’ approach to allocating fuel reduction funds and selecting
projects. Report GAO-07-1168. (GAO: Washington, DC) Available

W. J. Elliot et al.

at http://www.gao.gov/assets/270/267638.pdf [Verified 18 February
2016]

Garbrecht J, Martz LW (1999) TOPAZ: an automated digital landscape
analysis tool for topographic evaluation, drainage identification, water-
shed segmentation and subcatchment parameterization. Publication No.
GRL 99-1. (USDA Agricultural Research Service: El Reno, OK)

Geological Society of America (GSA) (2015) Wildfires may double erosion
across a quarter of western US watersheds by 2050. (GSA: Boulder, CO).
Available at http://www.geosociety.org/news/pr/2015/15-85.htm [Veri-
fied 7 December 2015]

Gesch D, Oimoen M, Greenlee S, Nelson C, Steuck M, Tyler D (2002) The
National Elevation Dataset. Photogrammetric Engineering and Remote
Sensing 68(1), 5-11.

Gesch DB (2007) The National Elevation Dataset. In ‘Digital elevation
model technologies and applications: the DEM users’ manual, 2nd edn.’
(Ed. D Maune) pp. 99-118. (American Society for Photogrammetry and
Remote Sensing: Bethesda, MD)

Hessburg PF, Reynolds KM, Keane RE, James KM, Salter RB (2007)
Evaluating wildland fire danger and prioritizing vegetation and fuels
treatments. Forest Ecology and Management 247, 1-17. doi:10.1016/
J.FORECO0.2007.03.068

Holden ZA, Morgan P, Evans JS (2009) A predictive model of burn severity
based on 20-year satellite-inferred burn severity data in a large south-
western US wilderness area. Forest Ecology and Management 258(11),
2399-2406. doi:10.1016/J.FOREC0.2009.08.017

Jolly WM, Cochrane MA, Freeborn PH, Holden ZA, Brown TJ, William-
son GJ, Bowman DMJS (2015) Climate-induced variations in global
wildfire danger from 1979 to 2013. Nature Communications 6, 7537.
doi:10.1038/NCOMMS8537

Keane RE, Ryan KC, Veblen TT, Allen CD, Logan J, Hawkes B (2002)
Cascading effects of fire exclusion in Rocky Mountain ecosystems: a
literature review. USDA Forest Service, Rocky Mountain Research
Station, General Technical Report RMRS-GTR-91. (Fort Collins, CO)

Keeley J (2009) Fire intensity, fire severity and burn severity: a brief review
and suggested usage. International Journal of Wildland Fire 18,
116-126. doi:10.1071/WF07049

Laflen JM, Elliot WJ, Flanagan DC, Meyer CR, Nearing MA (1997)
WEPP-predicting water erosion using a process-based model. Journal of
Soil and Water Conservation 52(2), 96-102.

Lewis SA, Wu JQ, Robichaud PR (2006) Assessing burn severity and
comparing soil water repellency, Hayman Fire, Colorado. Hydrological
Processes 20, 1-16. doi:10.1002/HYP.5880

Miller ME, MacDonald LH, Robichaud PR, Elliot WJ (2011) Predicting
post-fire hillslope erosion in forest lands of the western United State.
International Journal of Wildland Fire 20, 982-999. doi:10.1071/
WF09142

Moody JA, Martin DA (2001) Hydrologic and sedimentation response of
two burned watersheds in Colorado. Water Resources Investigative
Report 01-4122. (US Geological Survey: Denver, CO)

Moreira F, Viedma O, Arianoutsou M, Curt T, Koutsias N, Rigolot E,
Barbati A, Corona P, Vaz P, Xanthopoulos G, Mouillot F, Bilgili E
(2011) Landscape—wildfire interactions in southern Europe: implica-
tions for landscape management. Journal of Environmental Manage-
ment 92, 2389-2402.

Mote PW (2006) Climate-driven variability and trends in mountain snow-
pack in western North America. Journal of Climate 19, 6209-6220.
doi:10.1175/JCLI3971.1

Neary DG, Ryan KC, DeBano LF (2005) Wildland fire in ecosystems:
effects of fire on soils and water. USDA Forest Service, Rocky Mountain
Research Station, General Technical Report 42, Vol. 4. (Ogden, UT)

Nicks AD, Lane LJ, Gander GA (1995) Weather generator. In ‘USDA —
Water Erosion Prediction Project hillslope profile and watershed model
documentation.” (Eds DC Flanagan, MA Nearing) pp. 2.1-2.22 (USDA
Agricultural Research Service: West Lafayette, IN)


http://dx.doi.org/10.1071/WF11079
http://dx.doi.org/10.1111/J.1752-1688.2004.TB01030.X
http://dx.doi.org/10.13031/2013.42680
http://forest.moscowfsl.wsu.edu/fswepp/docs/rockclimdoc.html
http://forest.moscowfsl.wsu.edu/fswepp/docs/rockclimdoc.html
http://forest.moscowfsl.wsu.edu/fswepp/docs/distweppdoc.html
http://forest.moscowfsl.wsu.edu/fswepp/docs/distweppdoc.html
http://dx.doi.org/10.1071/WF06064
http://dx.doi.org/10.1007/S00477-011-0462-Z
http://dx.doi.org/10.1016/S0048-9697(00)00524-6
http://dx.doi.org/10.1016/S0048-9697(00)00524-6
http://www.gao.gov/assets/270/267638.pdf
http://www.geosociety.org/news/pr/2015/15-85.htm
http://dx.doi.org/10.1016/J.FORECO.2007.03.068
http://dx.doi.org/10.1016/J.FORECO.2007.03.068
http://dx.doi.org/10.1016/J.FORECO.2009.08.017
http://dx.doi.org/10.1038/NCOMMS8537
http://dx.doi.org/10.1071/WF07049
http://dx.doi.org/10.1002/HYP.5880
http://dx.doi.org/10.1071/WF09142
http://dx.doi.org/10.1071/WF09142
http://dx.doi.org/10.1175/JCLI3971.1

Targeting forest management through modelling

Parks SA, Miller C, Nelson CR, Holden ZA (2014) Previous fires moderate
burn severity of subsequent wildland fires in two large western US
wilderness areas. Ecosystems 17(1), 29-42. doi:10.1007/S10021-013-
9704-X

Parsons A, Robichaud PR, Lewis SA, Napper C, Clark JT (2010) Field guide
for mapping post-fire soil burn severity. USDA Forest Service, Rocky
Mountain Research Station, General Technical Report 243. (Fort
Collins, CO)

Pierson FB, Robichaud PR, Spaeth KE (2001) Spatial and temporal effects
of wildfire on the hydrology of a steep rangeland watershed. Hydrological
Processes 15, 2905-2916. doi:10.1002/HYP.381

Rauscher SA, Pal JS, Diffenbaugh NS, Benedetti MM (2008) Future
changes in snowmelt-driven runoff timing over the western US. Geo-
physical Research Letters 35(16), L16703. doi:10.1029/2008 GL034424

Reinhardt ED, Keane RE, Calkin DE, Cohen JD (2008) Objectives and
considerations for wildland fuel treatment in forested ecosystems of the
interior western United States. Forest Ecology and Management 256,
1997-2006. doi:10.1016/J.FOREC0.2008.09.016

Renschler CS (2003) Designing geospatial interfaces to scale process
models: the GeoWEPP approach. Hydrological Processes 17,
1005-1017. doi:10.1002/HYP.1177

Robichaud PR, Elliot WJ, Pierson FB, Hall DE, Moffet CA (2007)
Predicting post-fire erosion and mitigation effectiveness with a
web-based probabilistic erosion model. Catena 71, 229-241.
doi:10.1016/J.CATENA.2007.03.003

Robichaud PR, Wagenbrenner JW, Brown RE, Wohlgemuth PM, Beyers
JL (2008) Evaluating the effectiveness of contour-felled log erosion
barriers as a post-fire runoff and erosion mitigation treatment in the
western United States. International Journal of Wildland Fire 17(2),
255-273. doi:10.1071/WF07032

Robichaud PR, Wagenbrenner JW, Lewis SA, Ashmun LE (2013) Post-fire
mulching for runoff and erosion mitigation Part II: Effectiveness in
reducing runoff and sediment yields from small catchments. Catena 105,
93—111. doi:10.1016/J.CATENA.2012.11.016

Rollins MG (2009) LANDFIRE: a nationally consistent vegetation, wild-
land fire, and fuel assessment. International Journal of Wildland Fire 18,
235-249. doi:10.1071/WF08088

Int. J. Wildland Fire 887

Sampson RN, Atkinson RD, Lewis JW (2000) Indexing resource data for
forest health decision making. Journal of Sustainable Forestry 11, 1-14.
doi:10.1300/J091V1INO1_01

Santin C, Doerr SH, Otero XL, Chafer CJ (2015) Quantity, composition and
water contamination potential of ash produced under different wildfire
severities. Environmental Research 142, 297-308. doi:10.1016/
JLENVRES.2015.06.041

Scheele DL, Elliot WJ, Hall DE (2001) Enhancements to the CLIGEN
weather generator for mountainous or custom applications. In ‘Soil
erosion research for the 21st century’. (Eds JC Ascough II, DC Flanagan)
pp- 392-395. (American Society of Agricultural Engineers: St Joseph, MI)

Sidman G, Guertin DP, Goodrich DC, Thoma D, Falk D, Burns IS (2015)
A coupled modelling approach to assess the impact of fuel treatments on
post-wildfire runoff and erosion. International Journal of Wildland Fire
25, 351-362. doi:10.1071/WF14058

Smith HG, Sheridan GJ, Lane PN, Nyman P, Haydon S (2011) Wildfire
effects on water quality in forest catchments: a review with implications
for water supply. Journal of Hydrology 396(1-2), 170—192. doi:10.1016/
JJHYDROL.2010.10.043

Steel ZL, Safford HD, Viers J (2015) The fire frequency-severity relation-
ship and the legacy of fire suppression in California forests. Ecosphere
6(1), 8. doi:10.1890/ES14-00224.1

Tiedemann AR, Conrad CE, Dieterich JH, Hornbeck JW, Megahan WF
(1979) Effects of fire on water: a state-of-knowledge review. General
Technical Report WO-10. (USDA Forest Service: Washington, DC)

USDA (1991) State soil geographic (STATSGO) data base data use
information. Miscellaneous Publication 1492. (USDA: Washington, DC)

US Department of the Interior (2013) USDA and Interior announce partner-
ship to protect America’s water supply from increased wildfire risk
[Press release]. Available at http://www.doi.gov/news/pressreleases/
usda-and-interior-announce-partnership-to-protect-americas-water-supply-
from-increased-wildfire-risk.cfm [Verified 11 November, 2015]

Westerling AL, Hidalgo HG, Cayan DR, Swetnam TW (2006) Warming
and earlier spring increase western US forest wildfire activity. Science
313, 940-943. doi:10.1126/SCIENCE.1128834

www.publish.csiro.au/journals/ijwf


http://dx.doi.org/10.1007/S10021-013-9704-X
http://dx.doi.org/10.1007/S10021-013-9704-X
http://dx.doi.org/10.1002/HYP.381
http://dx.doi.org/10.1029/2008GL034424
http://dx.doi.org/10.1016/J.FORECO.2008.09.016
http://dx.doi.org/10.1002/HYP.1177
http://dx.doi.org/10.1016/J.CATENA.2007.03.003
http://dx.doi.org/10.1071/WF07032
http://dx.doi.org/10.1016/J.CATENA.2012.11.016
http://dx.doi.org/10.1071/WF08088
http://dx.doi.org/10.1300/J091V11N01_01
http://dx.doi.org/10.1016/J.ENVRES.2015.06.041
http://dx.doi.org/10.1016/J.ENVRES.2015.06.041
http://dx.doi.org/10.1071/WF14058
http://dx.doi.org/10.1016/J.JHYDROL.2010.10.043
http://dx.doi.org/10.1016/J.JHYDROL.2010.10.043
http://dx.doi.org/10.1890/ES14-00224.1
http://www.doi.gov/news/pressreleases/usda-and-interior-announce-partnership-to-protect-americas-water-supply-from-increased-wildfire-risk.cfm
http://www.doi.gov/news/pressreleases/usda-and-interior-announce-partnership-to-protect-americas-water-supply-from-increased-wildfire-risk.cfm
http://www.doi.gov/news/pressreleases/usda-and-interior-announce-partnership-to-protect-americas-water-supply-from-increased-wildfire-risk.cfm
http://dx.doi.org/10.1126/SCIENCE.1128834

