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Abstract Finding novel ways to plan and implement

landscape-level forest treatments that protect sensitive

wildlife and other key ecosystem components, while also

reducing the risk of large-scale, high-severity fires, can

prove to be difficult. We examined alternative approaches

to landscape-scale fuel-treatment design for the same

landscape. These approaches included two different treat-

ment scenarios generated from an optimization algorithm

that reduces modeled fire spread across the landscape, one

with resource-protection constrains and one without the

same. We also included a treatment scenario that was the

actual fuel-treatment network implemented, as well as a

no-treatment scenario. For all the four scenarios, we

modeled hazardous fire potential based on conditional burn

probabilities, and projected fire emissions. Results

demonstrate that in all the three active treatment scenarios,

hazardous fire potential, fire area, and emissions were

reduced by approximately 50 % relative to the untreated

condition. Results depict that incorporation of constraints is

more effective at reducing modeled fire outputs, possibly

due to the greater aggregation of treatments, creating

greater continuity of fuel-treatment blocks across the

landscape. The implementation of fuel-treatment networks

using different planning techniques that incorporate real-

world constraints can reduce the risk of large problematic

fires, allow for landscape-level heterogeneity that can

provide necessary ecosystem services, create mixed forest

stand structures on a landscape, and promote resilience in

the uncertain future of climate change.

Keywords Treatment optimization � Burn probability �
Emissions � Fuel treatments � Mixed conifer

Introduction

Following the impacts of the third largest wildland fire in

California state history (Rim Fire 2013), as well as other

recent large wildfires occurring in the Sierra Nevada (e.g.,

Storrie Fire 2002, Moonlight Fire 2007, Chips Fire 2012,

King Fire 2014), developing forest land-management plans

that retain diverse forest structure, decrease loss due to

large-scale, high-severity fires, and increase resiliency for

the uncertainty that climate change presents is a high pri-

ority on public land. Past forest management practices, as

well as the exclusion of fire from a landscape with adap-

tations for resilience and recovery after low-to-mixed

severity fires, have left large, contiguous areas of the Sierra

Nevada, as well as other frequent fire-adapted forest types

uncharacteristically overstocked and susceptible to large

and intense wildfire (Hessburg et al. 2005; Miller et al.

2009; Stephens et al. 2009). However, finding novel ways

to plan and implement landscape-level forest treatments

that protect sensitive wildlife and other key ecosystem

components, while also reducing the risk of large-scale,

high-severity fire, is difficult.

The Sierra Nevada mixed conifer forest ecosystem,

historically composed of primarily large, old, widely

spaced trees (Collins et al. 2014; Stephens et al. 2015), is
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now characterized by large areas at the stand level that are

fairly uniform (McKelvey and Johnston 1992; Verner et al.

1992), or classified as single cohort (Oliver and Larson

1996). This type change, due to past management practices,

has resulted in a much greater density in the understory

consisting of shade-tolerant conifers, such as incense-cedar

(Calocedrus decurrens) and white fir (Abies concolor)

(Ferrell 1996), which can develop for several decades as a

single cohort following a disturbance (Oliver and Larson

1996). This increase in shade-tolerant species in the middle

and lower canopies has reduced the amount of shade-in-

tolerant regeneration, except in areas opened by wildfire or

management (Verner et al. 1992; Weatherspoon et al.

1992). In addition to the ingrowth of shade-tolerant spe-

cies, forest floor fuels, snags, and coarse woody debris have

accumulated beyond historical levels, which is likely to

increase the risk of fire propagation by spotting and

increases in suppression difficulty (Verner et al.

1992; Weatherspoon et al. 1992).

Coupled with these structural and compositional changes

in dry forest types, there is considerable uncertainty that land

managers face concerning the effects of global climate

change (Moritz et al. 2012). The seasonally dry, mixed

conifer forests of California, which historically burned at

shorter return intervals than found recently (Stephens et al.

2007;Van deWater and Safford 2011), are less susceptible to

high-severity fire following implementation of mechanical

fuel/restoration treatments (Stevens et al. 2014; Hurteau

et al. 2011; Stephens et al. 2012a). However, restoring all of

the Sierra Nevada forests with mechanical treatments is not

feasible due to the large spatial scale of the problem, steep

topography, and concerns on impacts of treatments to certain

resources (North et al. 2012).

Changes due to fire suppression in some forests have

possibly contributed to an increase in spotted owl habitat

with greater stand densities, greater development of middle

and lower canopy layers, more snags, and more coarse

woody debris (Verner et al. 1992; Weatherspoon et al.

1992; Spies et al. 2006), but there is a tradeoff with the

increases in habitat. Limitations due to operational con-

straints such as wildlife Protected Activity Centers (PACs),

California spotted owl (Strix occidentalis occidentalis)

habitat, Northern Goshawk (Accipiter gentilis) habitat,

slope, road access and feasibility, make planning for

landscape-level treatments difficult (Collins et al. 2010).

The factors that create ideal forest composition for pro-

tected wildlife can also contribute to the risk of large, high-

severity fires and the negative effects following high

mortality events (Verner et al. 1992; Weatherspoon et al.

1992; Saspis et al. 1996).

It has also become necessary to not only quantify the

loss or gain of habitat in these denser forests, but to also

account for the emissions and carbon loss that is associated

with low, mixed and high-severity fires. Following the

passage of the State of California Global Warming Solu-

tions Act of 2006 (AB32), and the mandatory state

inventory of green house gas (GHG) emissions and

removals by forests, grasslands, wetlands, and other natural

lands (Lydersen et al. 2014), the California Air Resources

Board (ARB) was tasked with development of a program

that quantified GHG emissions from wildfire. This program

has allowed the state of California to assess GHG emis-

sions of large- and small-scale wildfires throughout the

state.

Given the effects of fire suppression, carbon stocks in

some California forests that once burned with greater fre-

quency have increased (Collins et al. 2011). The greater

carbon stocks that are associated with the ingrowth of mid-

and lower-canopy trees as well as the increasing wildfire

frequency and severity combined to result in the release of

higher emission over time from both direct and indirect

sources (North et al. 2009a). Indirect emissions from wild-

fire, through the decomposition of fire-killed trees, have

been reported to be as much as three times the carbon output

lost during a wildfire (Auclair and Carter 1993) and can

continue to release carbon into the atmosphere for a number

of years (Dore et al. 2008; Meigs et al. 2009). However, it is

also important to note that once treated, forests may also

store a greater amount of carbon with understory removal

and large-diameter tree growth (Stephens et al. 2009, 2012c;

North et al. 2009a; Collins et al. 2014) than is currently

stored in overstocked forest structures. The idea of under-

story removal, or thinning, as an effective process for

increasing the stored carbon of residual trees is not limited to

the forests typified by the fire-adapted Sierra Nevada.

Studies in the Southern Appalachian mixed hardwoods

demonstrate evidence for greater aboveground live-tree

carbon in thinned versus unthinned stands (Keyser and

Zamoch 2012). In the north east, it is suggested by the North

East State Foresters Association (2002) that ‘‘management

strategies that encourage larger trees, employ harvest

methods that reduce waste and damage to residual trees, and

minimize soil disturbance during harvest all improve carbon

sequestration activities.’’ Additional information for the

working forests recommended appropriate thinning regimes

that concentrate growth on fewer, larger trees (Perschel et al.

2007).

This suggests that forest treatments can reduce the

release of direct emissions during and immediately fol-

lowing wildfire, decrease the net release of emissions from

tree mortality over a longer period, and increase above-

ground live-tree carbon from forest thinning. Decreases in

emissions associated with forest fuel hazard treatments

have been noted in thinning treatments following fire, as

well as decreasing the vulnerability of live-tree carbon to

the associated release of emissions following mortality
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(Stephens et al. 2012b). However, fully implemented

landscape fuel-treatment networks are rare in the western

U.S (Stephens et al. 2014). This may be due to the complex

nature of planning at the landscape level, as well as the data

and model execution requirements (Collins et al. 2010).

Modeling fuel treatments using theoretical treatment

design has progressed from regularly spaced, staggered

treatment units, or SPLATS (Strategically Placed Area

Treatments) (Finney 2001) to a spatially informed

arrangement using optimization modeling (Finney 2004,

2006, 2007). The treatment-optimization model (TOM)

(Finney 2004, 2006, 2007) identifies ‘‘ideal’’ treatment

areas based on user-defined inputs in order to slow the rate

and size of fire by placing treatments in flow paths across a

landscape. These treatments can incorporate the realities of

treatment constraints that land managers must recognize

when planning fuel treatments (PACs, Spotted Owl Habi-

tat, stream buffers, and accessibility). This incorporation of

constraints allows for a greater representation of realistic

arrangements across a landscape than the regularly spaced,

staggered treatments associated with SPLATS (Finney

2001).

This study seeks to compare differing approaches to

landscape fuel treatment by evaluating the predicted fire

behavior and wildfire emissions among approaches. The

Herger-Feinstein Quincy Library Group Pilot Project

(HFQLG) (USDA 1999) sought to complete an arrange-

ment of fuel treatments throughout the northern Sierra

Nevada landscape based largely on the incorporation of

local knowledge for informing placement of treatment

areas (Moghaddas et al. 2010). Previous research for this

same landscape demonstrated that this completed land-

scape fuel-treatment network was effective at reducing

modeled fire behavior not only within treated areas, but

across much of the landscape (Moghaddas et al. 2010;

Collins et al. 2013). In this study, we add to this previous

work by evaluating alternate fuel-treatment networks for

the same landscape in order to quantify tradeoffs associated

with different land-management constraints and objectives.

Specifically, we examined conditional burn probabilities,

fire area, and projected emissions for three different land-

scape-treatment scenarios and an untreated scenario.

Materials and Methods

Study Area

The Meadow Valley study area is located in Plumas

National Forest in the northern Sierra Nevada at 39�560N,
121�30W (Fig. 1). The core study area boundary includes

three Hydrologic Unit Code sixth-level watersheds, with

modifications to the southern-most watershed based on the

project area (USDA 2004a; Collins et al. 2013). This area

has a Mediterranean climate with warm, dry summers and

cool wet winters, with yearly mean precipitation of

1046 mm/year (Ansley and Battles 1998). The core study

area is approximately 19,236 ha, with an elevation range

from 850 to 2100 m (Fig. 1). The vegetation that com-

prises the Meadow Valley landscape primarily consists of

mixed conifer forest (Schoenherr 1992; Barbour and Major

1995) with white fir, coast Douglas-fir (Psuedotsuga

menziesii var. menziesii), sugar pine (Pinus lambertiana),

Jeffrey pine (Pinus jeffreyi), incense-cedar, California

black oak (Quercus kelloggii), and lesser amounts of other

hardwood species. At higher elevations, red fir (Abies

magnifica) can be found, interspersed with white fir.

Western white pine (Pinus monticola) is found at higher

elevations, lodgepole pine (Pinus contorta) in cold air

pockets and riparian zones, western juniper (Juniperus

occidentalis) on dry sites, California hazelnut (Corylus

cornuta), dogwood (Cornus spp.) and willow (Salix spp.) in

moist and riparian sites. Montane chaparral, as well as

grasslands in meadows and dry sites, is mixed throughout

the landscape. Tree density varies as a result of recent fire

and timber management history, elevation, slope, aspect

and soil composition. Historical fire return intervals,

inferred from fire scars in tree rings, suggests a fire regime

with predominantly frequent low-to-moderate intensity

fires occurring at 7–19 years (Moody et al. 2006).

Fig. 1 Core and buffered study area boundaries for the Meadow

Valley area, Plumas National Forest, California, USA. Weather data

for fire modeling were obtained from both the Quincy and Cashman

Remote Automated Weather Stations
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The projects that contributed to the fuel-treatment net-

work in Meadow Valley are a part of the larger HFQLG

Pilot Project. The HFQLG project was directed by US

Congress to implement a local community forest manage-

ment vision that attempted to address a multitude of forest

management objectives, including but not limited to, forest

health, fire-severity reduction, wildlife habitat conserva-

tion, and stabilization of local economic conditions (Col-

lins et al. 2013). The projects in Meadow Valley included a

range of treatment types and intensities, as a product of

changes in regional management direction (USDA 2001,

2004b) and land-management constraints across a diverse

landscape (Collins et al. 2010; Moghaddas et al. 2010).

Plumas National Forest initiated fuel reduction projects

in the Meadow Valley area in the late 1990s totaling

approximately 9 % of the core study area. In 2005, the

Meadow Valley Project was implemented, which linked

the existing treatments with an additional 1650 ha of

defensible fuel profile zone (DFPZs) and 231 ha of group

selection (GS) in order to create a landscape-level fuel-

reduction network. DFPZsare areas where fuel has been

treated to reduce surface fuel loads, increase the canopy

base height, and decrease canopy bulk density. DFPZsare

essentially a fuelbreak, but limited to forested structure,

and this term originated from the Quincy Library Pilot

Project proposal for fragmenting fuels within the project

area (Plumas, Lassen, Tahoe National Forests). Assessment

of effectiveness of these treatment areas was completed

following fire events associated within the overall project

area. These results demonstrated the desired effect of

modifying fire behavior, including rate of spread and

intensity, in the majority of fire occurrences. The goal of

DFPZsfor use as anchor points or defensible fire space

during fire suppression efforts was also recognized in these

treatment areas (Murphy et al. 2010). Within DFPZs, sur-

face, ladder, and crown fuels were reduced. Conifers and

hardwoods up to 51 cm DBH (Diameter at Breast Height)

were thinned from below, using a whole-tree harvest sys-

tem, to a residual canopy cover of 40 %. Where DFPZs fell

within the Wildland Urban Interface (WUI), the upper

DBH limit for harvest was 76 cm (USDA 2004a). Post-

harvest treatments to reduce surface fuels included grapple

piling, hand piling, pile burning and under-burning

(Moghaddas et al. 2010).

The GS units included removal of all conifers up to

76 cm DBH, with individual units ranging from 0.25 to

1 ha in size. Site preparation following GS harvest con-

sisted of mechanical grapple piling and burning. GS units

were allowed to regenerate naturally or planted to a density

of 270 trees/ha with a mix of sugar pine, ponderosa pine

and Douglas-fir (USDA 2004a). Alternative treatments

were also included within the fuel-treatment network.

Mastication of shrubs and some small trees, with material

left on site, as well as prescription burns in stands under

moderate relative humidity and fuel moisture conditions

also occurred (Collins et al. 2013). The complete Meadow

Valley fuel-treatment network consisted of 3692 ha, or

19 % of the core study area (Table 3), and was imple-

mented between 2003 and 2008 (Moghaddas et al. 2010;

Collins et al. 2013).

Field Data Collection

Data were used from two distinct field sampling efforts.

The first effort was aimed at a landscape-scale characteri-

zation using a stratified-random approach to establish plots,

referred to hereafter as landscape plots. This approach used

four strata: slope (3 levels:\15, 15–30,[30 %, elevation

(3 levels: \1400, 1400–1600, and [1600 m), aspect (4

levels: N, E, S, and W), and dominant vegetation (ex-

plained below) (Collins et al. 2013) In total, there were 604

landscape plots, which were sampled between 2004 and

2006 (Moghaddas et al. 2010; Collins et al. 2013). The

second field sampling effort was focused on treated areas,

referred to as treatment plots. Plot locations were selected

to capture the range in both treatment types and geographic

locations of treatments throughout the study area and

included 72 treatment plots. Pre-treatment sampling was

conducted between 2002 and 2007, with post-treatment

sampling between 2004 and 2009 (Moghaddas et al. 2010;

Collins et al. 2013).

The two sampling efforts conducted and reported in

previous research (Moghaddas et al. 2010; Collins et al.

2013), followed different plot sampling methodology based

on the different objectives of the two efforts. Landscape

plots were smaller and less intensive than the treatment

plots to allow for a greater number of landscape plots that

covered a much larger spatial extent. Landscape plots were

circular with a fixed radius of 12.6 m, resulting in a plot

area of 0.05 ha.

Treatment plots differed from landscape plots, and were

rectangular: 50 m 9 20 m, resulting in a plot area of

0.1 ha (Moghaddas et al. 2010; Collins et al. 2013). Vari-

ation in surface fuel loads in each treatment type was

considered, however, this study sought to evaluate the

placement of treatment opportunities on a landscape, not

the inherent variability that surface fuels present in distinct

treatment types. Therefore, surface fuel model designations

described by Collins et al. (2013) for the Meadow Valley

landscape were used to delineate the treated and untreated

areas on a stand basis.

Data Integration

Tree data from both field measures were used to generate

tree lists for pre- and post-treatment forested stands across
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the Meadow Valley landscape. Tree lists generated for the

Forest Vegetation Simulator (FVS) contained the necessary

input variables required for modeling within the ArcFuels

platform (Ager et al. 2006; Ager et al. 2011). This included

the associated stand identification number, tree count

(based on an expansion factor from plot selection), tree

diameter, species, height and crown ratio. The tree list

component serves as a complete list of all tree records for

each individual stands within the study area. Stand

boundaries corresponded with mapped vegetation polygons

(VESTRA 2003). Vegetation polygons were delineated

using aerial photography and were assigned to California

Wildlife Habitat Relationship vegetation classes. These

classes capture broad differences in dominant species

composition, and for tree-dominated classes, differentiate

between dominant tree size classes (based on photo-inter-

preted crown radius) and density (based on photo-inter-

preted canopy cover). There were 1505 forested stands that

were either within or intersected the core study area

boundary, and ranged in size from 0.5 to 490 ha. The core

study area was approximately 92 % forested stands, while

grass and montane chaparral, and barren areas, such as

lakes, made up the remaining 8 %. Tree lists that were

generated from plot data were assigned to individual stands

using an approach that matched the four strata used to

determine landscape plots: slope, elevation, aspect, and

dominant vegetation.

Stand polygons for the treatments completed by the

HFQLG Pilot Project were compiled by the group’s mon-

itoring team (http://www.fs.fed.us/r5/hfqlg/monitoring/)

and were overlaid on the stand vegetation layer provided

by VESTRA (2003) following the integration from previ-

ous research (Moghaddas et al. 2010; Collins et al. 2013).

The actual (Fig. 2) treated stands were assigned corre-

sponding values from the treatment plots that matched the

five treatment types described in Table 3. The same strata

based approach used for assigning landscape plots was

used in assigning treatment plots.

Polygons for theoretical treatments were derived from

the tom (Finney 2007) module within the spatial fire

behavior model FlamMap (Finney 2006) (Fig. 2). In order

to execute tom, users need to create an ‘‘ideal landscape’’,

which identifies the vegetation and fuel conditions for all

areas where treatments are possible. For this study, two

‘‘ideal landscapes’’ were generated. The unrestricted-tom

treatment scenario allowed treatment on all forested stands.

The stands with barren or non-forest vegetation remained

identified as untreatable. The restricted-tom treatment

scenario sought to identify possible treatment stands within

the study area based on major land allocations (Moghaddas

et al. 2010). Stands were deemed not eligible for treatment

if they fell within land allocations defined as PAC (spotted

owl and northern goshawk), Spotted Owl Habitat Areas,

Offbase and Deferred areas, and Stream buffers. Removing

these land allocations from the treatment scenario is gen-

erally consistent with the current practices of the US Forest

Service in the Sierra Nevada. Sampled vegetation and fuel

conditions from the treatment plots that fell within DFPZs

were used to define the conditions within all treat-

able stands in both the unrestricted- and restricted-tom

treatment scenarios. This is in contrast to the actual treat-

ments, which included five types of treatment (Table 3).

DFPZs were used as the only treatment type in the modeled

landscapes of this study in order to simulate a coordinated

landscape-level-treatment network developed primarily for

fire-hazard reduction.

TOM identifies optimal treatment areas by contrasting

fire behavior predictions between an untreated landscape

(pre-treatment) and the ‘‘ideal landscape’’ in order to dis-

rupt fire spread. The model uses the minimum travel time

algorithm (Finney 2002, 2006) to calculate major flow

paths for fire spread, and assigns treatments to disrupt these

flow paths (Finney 2007). The treatment areas identified by

tom for both the theoretical treatment types (unrestricted-

and restricted-tom) were limited to contiguous areas

greater than 10 ha, as implementing smaller treatments

identified by tom, which in some instances were as small as

0.25 ha, may be operationally infeasible.

Four databases were created with tree lists for all

forested stands across the buffered study area. These

databases represented four treatment scenarios: untreated

(Pre-treatment), actual, unrestricted-tom and restricted-

tom. The untreated database used tree lists from the pre-

treatment sampling effort to populate stands within the

treatment boundaries, and the strata method for populating

the stands falling outside of the treatment boundaries. The

actual treatment database was developed from the com-

pleted treatments, and the tree lists for treated stands used

the post-treatment plot measurements of the same plots

used in the pre-treatment database, while tree lists for

stands outside of the treatment polygons used the plots

assigned in the untreated database. The restricted- and

unrestricted-tom treatment databases were assigned tree

lists based on the theoretical treatment areas defined by the

outputs from tom (Finney 2006; Finney 2007), and sought

to apply the same approximate proportion of area treated as

in the actual (19 %). Tree lists for the unrestricted- and

restricted-tom landscapes were based on the post-treatment

plot measurements that fell within the DFPZ treatment

type. The four tree list databases were modeled using the

FVS (Dixon 2002) to simulate forest structures, i.e., canopy

base height (CBH), canopy height (CH), and canopy bulk

density (CBD) using the integrated platform ArcFuels

(Ager et al. 2006, 2011), which executes FVS and the fire

and fuel extension (FFE) to generate the necessary stand

structure inputs needed to calculate key fire behavior
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parameters from runs of spatially explicit fire behavior

models.

Fire Modeling

Weather information was obtained from the Quincy and

Cashman Remote Automated Weather Stations (RAWS).

The Quincy RAWS had a longer period of record (since

1991), and as such, we used the Quincy data for deter-

mining fuel moistures. We used the Cashman RAWS for

data on wind speeds and directions. The Quincy RAWS

would be more ideal given the shorter period of record for

Cashman (online since 2002); however, local fire managers

and weather experts indicated that wind speeds and direc-

tion recorded by the Quincy RAWS are well below those

experienced in the study area (Moghaddas et al. 2010). The

dataset used for weather inputs was chosen to mimic the

weather simulation data used for the initial study of fuel-

treatment effects (Moghaddas et al. 2010), and to replicate

similar scenarios for the untreated and treated landscapes.

Weather conditions were limited to the dominant fire

season for the Meadow Valley study area between June 1

and September 30 (Fig. 1), during the years 2002 and 2009.

Models were calibrated with 90th percentile and above

wind speeds, based on hourly observations, to generate

multiple wind scenarios to be used during fire modeling.

Dominant direction and average speed were identified from

all observations at or above the 90th percentile value of

24 km/h. This resulted in three different dominant wind

directions, each with its own wind speed and frequency of

occurrence, based on the proportion of observations

recorded at or above the 90th percentile value (Table 1).

Fig. 2 Core study area

boundaries for the Meadow

Valley area with stand treatment

locations for four treatment

scenarios. Actual treatments

were implemented between

2003 and 2008, theoretical

treatments are based on outputs

from the treatment optimization

model. Unrestricted-tom

treatments overlap landscape-

level constraints, whereas

restricted-tom treatments are

implemented around these

constraints
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These modeled wind speeds were similar to those recorded

during large spread events, specifically the 2012 Chips

Fire, as well as the modeled wind speeds from previous

research (Collins et al. 2013). The command line version of

FlamMap (Finney 2006) is only capable of incorporating

one ‘‘problem fire’’ within its weather input dataset. Long

term data was evaluated from the available datasets of the

Quincy and Cashman weather stations and were consistent

with the associated weather conditions of the Chips Fire.

Fuel moisture values were generated from 97th percentile

(Table 2), as these conditions are associated with similar

large fires that were difficult to control. Weather parame-

ters obtained from the Chips fire by Fites et al. (2012), were

greater than 97th percentile values during the modeled fire.

As this was the most recent large fire spread occurrence in

the area, using 97th percentile values and greater was

considered representative of problem fires in the area.

Topographic inputs (slope, aspect, and elevation) were

derived from a 10 m digital elevation model obtained from

the National Elevation Dataset (http://ned.usgs.gov/). Stand

structure and fuel layers were derived from FVS outputs

using ArcFuels (Ager et al. 2006). For each stand, under

each of four scenarios (untreated, actual, unrestricted-tom,

restricted-tom), fuel model assignment was computed

outside of FVS using the same criteria as Collins et al.

(2013). Our study area included a 2 km buffer around the

core study area. This buffered study area, used during fire

modeling, was approximately 34,335 ha. The buffered

study area was necessary in order to avoid edge effects

during fire modeling, but output data for burn probability

was only used from the core Meadow Valley study area

(Table 3).

A command line version of FlamMap (Finney 2006),

called RANDIG, was used to model fires across the buf-

fered Meadow Valley landscape (Fig. 1). RANDIG uses

the minimum travel time method (Finney 2002) to simulate

fire spread based on user defined inputs for: number/pattern

of ignitions, fire duration, dominant wind speed and

direction, fuel moistures, topography, stand structure, and

fuels. For each treatment scenario (untreated, actual,

unrestricted-tom, restricted-tom) RANDIG simulated

10,000 random ignitions, each burning for a 240 min (4 h)

burn period. This burn period duration was selected to

match simulated fire sizes that approximated large spread

events observed in recent wildfires in the Meadow Valley

area (Moonlight 2007, Wheeler 2007, Rich 2008, Chips

2012) (Ager et al. 2010), as well as matching simulation

times from previous research (Collins et al. 2013). The

large number (10,000) of ignitions used during fire mod-

eling was chosen due to the high deviation between indi-

vidually simulated fires and their outputs when compared

to the mean value of each of these outputs. The large

number of ignitions allows for an assumption that these

mean values are representative of a statistically significant

mean value.

For each treatment scenario RANDIG outputs overall

conditional burn probabilities, computed by dividing the

total number of times a pixel burns by the total number of

simulated fires (for this study simulated fires is 10,000), as

well as marginal conditional burn probabilities for 20 flame

length classes (0–10 m in 0.5 m increments). In order to

isolate the more problematic-modeled fire (regarding fire

effects and fire suppression), analysis was completed on

burn probabilities where flame lengths were greater than

2 m. All marginal burn probabilities for flame length

classes greater than 2 m were summed together for analysis

and this threshold has been used to identify problematic fire

in previous research (Collins et al. 2011; Ager et al. 2012;

Collins et al. 2013). Burn probabilities were imported into

ArcGIS software for data analysis. Mean conditional burn

Table 1 Weather parameters

for fire simulations using

RANDIG

Weather parameter Value

Speed (km/h) Direction (az.) Relative frequency

Winds 31 225 0.77

32 45 0.15

31 180 0.08

Parameters were obtained from the Quincy and Cashman Remote Automated Weather Stations during the

predominant fire season (June 1–September 30) for the years 2002 to 2009. Wind speeds and directions

represent the dominant values from all 90th percentile and above observations

Table 2 Fuel moisture values for modeling simulations in FlamMap

(Treatment Optimization Model) (Finney 2006) and RANDIG

Fuel type Fuel moisture (%)

1 h 2

10 h 2

100 h 5

Live herbaceous 35

Live woody 60

Parameters were obtained from the Quincy and Cashman Remote

Automated Weather Stations during the predominant fire season (June

1–September 30) for the years 2002 to 2009. Fuel moistures represent

the 97th percentile and above observations
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probabilities, from flame lengths greater than 2 m, as well

as mean fire area, were calculated for each treatment sce-

nario (untreated, actual, unrestricted-tom, restricted-tom).

RANDIG also outputs 10,000 fire perimeters from each

random ignition, and these were used for emissions

modeling.

Emissions Modeling

Emission Estimation System 2 (EES2) is a wildland fire

emission estimation system created for the California ARB

in compliance with the State of California Global Warming

Solutions Act of 2006 (AB 32). This project developed a

fire modeling program which combined the use of the

ArcGIS with the First Order Fire Effects Model (FOFEM)

(Lutes et al. 2013), as well as the California Vegetation

map in two separate representations (FCCS and SAF/SRM)

(Clinton et al. 2006). EES2 estimates GHG (greenhouse

gas) as well as particulate matter emissions using fire

perimeters and FOFEM (Reinhardt 2003). This system was

developed as the Emission Estimation System (Clinton

et al. 2006) and was recently updated to include two dif-

ferent vegetation classifications derived from California

fuel layers. This study incorporated the LANDFIRE Fuel

Characteristic Classification System (Ottmar et al. 2007),

which demonstrates higher accuracy for predicting GHG

emissions in the northern Sierra Nevada (Lydersen et al.

2014). EES2 designates the landscape within each fire

perimeter into ‘‘stands’’ of varying FCCS types, and batch

runs these stands through the FOFEM 5.0 batch processing

option (Reinhardt 2003). These stands are then processed

into a spatial context by linking the per area emissions

output for each FCCS type and the area of each ‘‘stand’’

within a fire perimeter. The total emissions output for each

FCCS type within the fire perimeter can then be summed

for fire perimeters outside of the EES2 program.

Outputs from RANDIG provided 10,000 ‘‘wildfire’’

perimeter polygons for evaluating mean emissions values

for each treatment scenario. The pixel size resolution for

EES2 can be as fine as 1 m; however, for consistency

between all models, a 60 m resolution was used. This study

used several fire dates (2002–2010) from local problematic

fires (Rich Fire 2008, Silver Fire 2010, Storrie Fire 2000,

Moonlight Fire 2007) for the monthly dates of fuel mois-

tures. Outputs from EES2 included metric tons per hectare

of PM 2.5 (Particulate matter), PM 10.0, NOx and SO2, as

well as CO and CO2. EES2 can output emission values for

both flaming duration and smoldering duration, both of

which were incorporated into analysis. All values for

emissions were compiled outside of EES2 for each treat-

ment scenario and 10,000 fire perimeters, with mean values

of each emission type during smoldering and flaming

combustion analyzed separately. In most cases, emissions

during flaming combustion were much less than those

during smoldering combustion, thus the values were com-

bined as a total emissions value.

EES2 is not capable of capturing treatment modifica-

tions to stand structure or surface/ground fuel. As a result,

all scenarios were run with the current cross-walked FCCS

vegetation map, meaning stands which received treatments

in the actual, unrestricted-tom, and restricted-tom treatment

scenarios had the same vegetation type and fuel load as the

Table 3 Summary of treated areas for three different treatment scenarios compared

Treatment

model

Treatment category Treated area within

study area (ha)

Proportion of

treated area

Proportion of total

study area

Post-treatment surface

fuel modela

Actual Mechanically thinned and

prescription-burned

1588 0.43 0.083 183

Prescription-burned 1071 0.29 0.056 183

Hand-thinned and pile burned 480 0.13 0.025 184

Masticated 309 0.08 0.016 142

Group selection harvested 240 0.07 0.012 201

Total 3688 1.00 0.192

Unrestricted-

tom

Mechanically thinned and

prescription-burned

3578 1.00 0.186 183

Restricted-

tom

Mechanically thinned and

prescription-burned

3770 1.00 0.196 183

See ‘‘Materials and Methods’’ section for explanation of each scenario

The unrestricted- and restricted-tom treatment scenarios use only Defensible Fuel Profile Zone (DFPZ) treatments in treatment areas across the

same landscape
a Fuel Models were matched with data and results from Collins et al. (2013)
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untreated scenario. In order to quantify the possible

reductions in emissions due to application of treatments,

the calculated mean value of emissions for each treatment

scenario was multiplied by mean fire area for the respective

scenarios to obtain the total emissions for an ‘‘average’’ fire

on the landscape.

Results

Fire Modeling

Conditional burn probabilities for problematic fire ([2 m

flame lengths) within the core study area of Meadow

Valley for the untreated landscape are noticeably greater

than in the actual, unrestricted-tom, and restricted-tom

treatment scenarios (Fig. 3). The central and eastern por-

tions of the landscape had the highest burn probabilities in

the untreated scenario. In all three treatment scenarios,

burn probabilities across the landscape were noticeably

reduced; however, they varied in the location of reduction

(Fig. 3). The strongest reduction in the actual treatments,

relative to the untreated one was in the central and eastern

portions of the landscape; however, they were not as

noticeable as the reductions in the central portion of the

landscape for the unrestricted-tom and restricted-tom

treatments (Fig. 3). The actual treatments also had higher

burn probabilities in the north-east portion of the landscape

than in the unrestricted-tom and restricted-tom treatment

scenarios. Moderate conditional burn probabilities still

occurred in the central portion of the unrestricted-tom

treatment, but the south-eastern portion of the landscape

showed the highest burn probabilities. Mean conditional

burn probabilities for the three treatment scenarios within

the core study area were approximately half that of the

untreated scenario (Fig. 4). The unrestricted-tom treatment

Fig. 3 Conditional burn

probabilities across the Meadow

Valley core area. Conditional

burn probabilites are for

simulated flame lengths greater

than 2 m. Burn probabilities are

based on 10,000 randomly

placed ignitions simulated using

RANDIG. Treated areas under

the three treatment scenarios are

displayed

Environmental Management

123



had the highest mean conditional burn probability among

the three treatment scenarios. While all treatment scenarios

resulted in reductions in mean conditional burn probability

when compared to the untreated scenario, the restricted-

tom treatment had the greatest calculated reduction in burn

probability across the core study area (Fig. 4).

Mean fire area in the untreated scenario was greater than

that in any of the treatment scenarios (Fig. 5). The

untreated scenario (2010) had a mean value of 1877 ha

(240 min burn periods) (Figs. 4, 5). The unrestricted-tom

treatment had a slightly higher mean value for fire area;

however, it was less than that of the actual treatments by

approximately 100 ha (Figs. 4, 5). The reduction in fire

area was the greatest in the restricted-tom treatment, with a

mean value of 1030 ha (Fig. 5), or nearly half that of the

untreated scenario.

Emissions Modeling

Values for both PM 2.5 and PM 10 emission outputs during

the combined flaming and smoldering combustion were

higher in the untreated scenario, but differences between

the actual, unrestricted-tom, and restricted-tom scenarios

were negligible (Table 4). Values for both PM 2.5 and PM

10 were the lowest in the restricted-tom treatment scenario,

at approximately half that of the untreated scenario. Total

emissions of PM 2.5 and PM 10 in the unrestricted-tom

treatment scenario was greater than the restricted-tom

treatment, but was less than the actual treatment (Table 4).

Trends seen in particulate matter (PM) emissions were

similar to those seen in carbon emissions. Greater values

during combined types of combustion were produced in the

untreated scenario than in the three alternate treatment

scenarios, with the restricted-tom treatment showing

greatest reduction. Values for CO2 also showed significant

decreases in the alternate treatment scenarios compared to

the untreated scenario (Table 4). The restricted-tom treat-

ment scenario had the greatest reduction in CO2 emissions

from the untreated scenario.

Values for NOx followed similar trends as those seen in

carbon and particulate matter emissions, with the greatest

reduction being seen in the restricted-tom treatment sce-

nario (Table 4). SO2 also showed similar trends in reduc-

tion of emissions in the alternate treatment scenarios

compared to the untreated scenario. The greatest reduction

in SO2 emissions is seen in the restricted-tom treatment,

followed by the unrestricted-tom and actual treatments

(Table 4).

Discussion

The reduction in conditional burn probability across a

landscape with coordinated fuel treatments is not neces-

sarily a new finding. It has been reported several times in

the western US forests (Ager et al. 2007; Finney et al.

2007; Ager et al. 2010; Moghaddas et al. 2010; Collins

et al. 2011, 2013) and has been studied in the Meadow

Valley study area specifically by Moghaddas et al. (2010)

and Collins et al. (2013). What is notable about the current

study is the incorporation of theoretical modeling and

analysis of different treatment scenarios across a landscape

and the subsequent decreases in conditional burn proba-

bility (Figs. 3, 4), fire areas (Fig. 5), and emissions in all

categories (CO, CO2, NOx, SO2, PM 2.5, PM 10) (Table 4).

While conditional burn probability was the lowest in the

restricted-tom treatment scenario, in all the three treatment

scenarios, they were approximately half that of the

untreated scenario (Fig. 4); however, all three treatment
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Fig. 4 Mean conditional burn

probabilities for the simulated

year 2010 and the four treatment

scenarios across the Meadow

Valley core area for which

simulated flame lengths are

greater than 2 m. Probabilities

are based on 10,000 randomly

placed ignitions simulated using

RANDIG
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scenarios still retained problem areas across the landscape,

but in different locations (Fig. 4).

It is surprising to find similar reductions in conditional

burn probability when comparing two theoretical model

types, and a treatment scenario that was based on local

knowledge and intuition (which is a similar result found in

Collins et al. 2011, 2013), especially given that the theo-

retical models use an algorithm to define problem areas for

major fire-flow paths (Finney 2006) and places of treat-

ments within these paths in order to reduce burn proba-

bility. Despite the similarities in the decreased burn

probabilities, it is remarkable that incorporating the

restraints of PACs, California spotted owl habitat, northern

goshawk habitat, and riparian areas, while planning for fuel

treatments at the landscape level has a greater impact on

the reductions in conditional burn probability, fire areas,

and emissions than both the actual treatment scenarios, and

more specifically, the unrestricted-tom treatment scenario.

The greater reductions of conditional burn probability,

fire areas, and emissions may be due to the greater

aggregation and continuity of fuel treatments (Fig. 2) seen

in the restricted-tom treatment scenario compared to the

unrestricted-tom scenario. Although percentage of land-

scape treated in the restricted-tom scenario was slightly

higher (Table 3) than the unrestricted-tom scenario, the

locations of treatments across the study area were less

continuous in the latter. Differences in the continuity and

aggregation of fuel treatments in the actual scenario com-

pared to the restricted-tom scenario are also apparent. The

actual treatment scenario has much greater aggregation and

continuity than both of the theoretical treatment scenarios

(Fig. 2), suggesting that an entirely continuous fuel-
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Fig. 5 Mean fire areas for a 4-h burn period for the four treatment

scenarios across the Meadow Valley core area. Fire area is based on

10,000 randomly placed ignitions using RANDIG. The large number

(10,000) of ignitions used during fire modeling was chosen due to the

high deviation between individually simulated fires and their outputs

compared to the mean value of each of these outputs. The large

number of ignitions allows for an assumption that these mean values

are representative of a statistically significant mean value

Table 4 Mean emissions

outputs for PM 10, PM 2.5, CO,

CO2, NOx, and SO2 during fire

activity for the four treatment

scenarios across the Meadow

Valley core area in megagrams

(Mg)

Output type Untreated Treatment model Restricted-tom

Actual Unrestricted-tom

PM 10 (Mg) 2234.98 1456.54 1350.40 1276.61

PM 2.5 (Mg) 1894.16 1234.42 1144.47 1081.93

CO (Mg) 24,655.66 16,072.71 14,902.99 14,091.58

CO2 (Mg) 136,539.45 88,719.97 82,169.41 77,508.46

NOx (Mg) 66.07 42.54 39.28 36.79

SO2 (Mg) 102.19 66.45 61.57 58.11

Emissions values are based on 10,000 fire perimeters generated from the randomly placed ignitions using

RANDIG, which were input into the EES2 simulator. The large number (10,000) of ignitions used during

fire modeling was chosen due to the high deviation between individually simulated fires and their outputs

compared to the mean value of each of these outputs. The large number of ignitions allows for an

assumption that these mean values are representative of a statistically significant mean value
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treatment network may not necessarily preclude greater

reduction in burn probability and fire size.

Analysis of fire events that occurred between 1999 and

2009 throughout the Herger-Feinstein Quincy Library

Group Pilot Project area (Plumas, Lassen, Tahoe National

Forests) depicted two occurrences of fire behavior that

overwhelmed fuel treatments (Murphy et al. 2010). The

Dow Fire (1999), spotted over fuel-treatment areas, and the

Moonlight Fire (2007), overwhelmed some fuel-treatments

areas, while some were utilized for anchoring fire-sup-

pression efforts. In all other reported cases, these treatment

areas were effective at limiting the fire behavior and

anchoring suppression efforts. This may imply that under

certain conditions, fuel-treatment areas may not always be

effective in meeting their goal and intent. It may be prudent

in not only considering the continuity of fuel-treatment

planning, but also the overall size of these areas in pre-

venting fire spotting across fuel treatments, as well as

treatment areas that cannot slow down the rapid, high-in-

tensity fire behavior.

The restriction in the available treatment areas due to

planning and operational constraints (Fig. 2) also seems to

have little implication for reductions in conditional burn

probability, fire areas, and emissions. Both the actual and

restricted-tom treatments had land constraints (wildlife

habitat, riparian buffers) that accounted for nearly 24 % of

the Meadow Valley study area. This is in contrast to the

unrestricted-tom treatments, which were only limited by

stands that were non-forest type (8 %). When modeling

these different approaches to planning across the land-

scape, all values (conditional burn probability, fire areas,

emissions) were reduced in comparison to the untreated

scenario. Despite the much greater area of constraints

within the two restricted-type models, the results depict

that there may be ways to plan across a restricted landscape

that reduces hazardous fire potential with a higher pro-

portion of non-treatable area. Finney et al. (2007) demon-

strated that as the level of untreatable area reaches a value

of 40 %, the optimization algorithm results are no different

from the random placement of treatments. While this may

apply here, results show that even with a greater than 20 %

proportion of the landscape untreatable, conditional burn

probability, fire areas, and emissions show reductions

similar to or better than those of an unconstrained land-

scape. While this study did not incorporate a random

placement of treatments scenario for comparison, it does

suggest that incorporating constraints on the landscape at

relatively modest levels (\25 %) may have similar desired

effects as a treatment scenario that incorporates none.

The similarity in overall averages of burn probability,

fire areas, and emissions outputs between all three treat-

ment types, despite differences in treatment-type applica-

tion, can be explained by the idea that the most effective

method to change potential fire behavior is to alter the

structure of forest fuels (Vaillant et al. 2009). Effective fuel

treatments reduce flame length, fireline intensity, and the

occurrence of crown fire. The use of mechanical or manual

thinning of various intensities, mastication, whole tree

removal, and prescribed fire tend to be the common fuel

treatments used in the western mixed- and ponderosa pine

forests. Although the actual treatments incorporated a

variety of treatment types and scales compared to the

unrestricted- and restricted-tom treatments (Table 3),

which used DFPZs, this variety of treatment type likely is

what contributed to the evenness in the reduction of con-

ditional burn probability, fire areas, and emissions.

Changing potential problematic fire behavior can be

accomplished by reducing surface fuels, increasing CBH,

and reducing CBD, in the order of their effectiveness.

Using this approach breaks the continuity of not only

horizontal surface and crown fuels, but also the vertical

continuity of ladder fuels (Van Wagner 1977; Agee et al.

2000; Scott and Reinhardt 2001; Agee and Skinner 2005).

Evidence that fuel treatments which change more than one

characteristic of forest fuels, or employ more than one type

of treatment, having greater effectiveness at reducing the

risk of problem fire—has been demonstrated (Agee and

Skinner 2005; Stephens and Moghaddas 2005; Schmidt

et al. 2008; Stephens et al. 2009). The results of this study

demonstrate that landscape-level treatments that incorpo-

rate a variety of fuel-treatment types using only local

knowledge and intuition can be nearly as effective as

modeling programs that incorporate only one type of

treatment designed for reducing problematic fire potential.

The limits to the fuel characterization in EES2 program

also prevented modeling a change in fuelbed types between

the stands of the untreated landscape and the treated stands

in each of the three treatment scenarios. It is likely that

reductions in GHG and particulate emissions would be

greater across all the three treated scenarios than those

demonstrated in this study. Stephens et al. (2012b)

demonstrated that at six sites in the western US, fuel-re-

duction treatments at the plot level decreased GHG emis-

sions as well as particulate matter emissions compared to

untreated plots. In California, GHG emissions, for both cap

and trade, as well as federal law on reporting emissions,

have become increasingly more important component of

implementing fuel treatments, regeneration following fire,

carbon sequestration, public health and aesthetic concerns,

and is addressed by AB 32. Public health and aesthetic

concerns largely drive the need for reporting particulate

matter outputs from wildfire, as these outputs are consid-

ered to directly affect public health via inhalation, and may

be considered to affect aesthetics as emissions from wild-

fire travel and settle into communities that otherwise may

be unaffected by wildfire.
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This study only captured differences in fire areas as a

mode of calculation for decreases in landscape-level

emissions, and thus the reductions in emissions in the

treatment scenarios would likely show an even greater

difference in comparison to the untreated scenario if the

program allowed for change to the FCCS fuelbed type at

the stand level. As it is becoming more prevalent for

reporting GHG and particulate emissions, it is important to

note that as new programs become available for assessing

the landscape-level changes in forest and fuel structure, the

availability of programs that more accurately account for

changes across a landscape and alter wildfire emissions

may also be necessary.

Management Implications

This study presents an analysis of treatment planning types

at the landscape level that face many land managers with

the constraints of PACs, California spotted owl habitat,

northern goshawk habitat, and riparian areas. Although

under current Forest Practice Rules (14 CCR Sects. 916.5,

936.5, 956.5 from Title 14, California Code of Regulations

Chapters 4, 4.5 and 10) in California, the treatments of

riparian areas in Class I, II, III, and IV streams are allowed

with certain provisions. However, retaining this constraint

was valuable for demonstrating that even with lack of

treatment in riparian areas, as well as other restricted areas,

reductions in hazardous fire potential, fire area, and emis-

sions can be successfully achieved. There is research that

presents fuel treatments as a potential detriment to

ecosystem services, such as wildlife habitat (Lee and Irwin,

2005: Pilliod et al. 2006; Campbell et al. 2012), but these

ecological effects following treatments (understory diver-

sity, small mammals and song birds, erosion, and com-

paction) are short lived and relatively minor (Stephens

et al. 2012b). The extent of overall forest change that fol-

lows fuel treatments is less than that of the change which

follows severe wildfire without treatments (Stevens et al.

2014).

With the frequency of wildfires expected to increase,

and the chance that stands burn multiple times increasing

(Westerling et al. 2006), the protection of sensitive areas

that are considered as constraints during the planning

stages of fuel treatments is important to the retention of

heterogeneous forests. Although mixed conifer Sierra

Nevada forests may bear little resemblance to historical

forest conditions (North et al. 2009b; Collins et al. 2014;

Stephens et al. 2015), there are tools available for the

planning and implementation of fuel treatments that reduce

hazardous fire potential, as well as reduce the possible

human effects associated with emissions. This study

demonstrates that whether land managers use a similar

intuitive model as was used in Meadow Valley, or a

modeling tool such as FlamMap (Finney 2006) for planning

fuel treatments, reduction in hazardous fire potential, fire

area, and wildfire emissions can be achieved. The reality of

constraints across the landscape may not reduce the effec-

tiveness of treatments, assuming a level of constraint similar

to or less than that for our study area (*25 %), but may in

fact result in a more resilient forest. This attained ecological

heterogeneity and resilient forest structure also reduces fire

areas, severity patches, and emissions that are associated

with carbon losses as per AB 32.
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