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Integrating Large Wildfire Simulation and Forest  
Growth Modeling for Restoration Planning
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Abstract—One of the major science gaps in U.S. wildfire policy is the lack of studies on the long-term 
benefits of hazardous fuel reduction and restoration programs. For instance, there is little information 
available to predict the impact of current fuel management and restoration on wildfire activity and whether 
these fuel reduction activities will meet expectations in terms of wildfire risk to social, ecological, and 
economic values on national forests. To address this gap, we built a new model that uses the Forest 
Vegetation Simulator Parallel Processing Extension and FSim large wildfire simulator model to simulate 
forest management on large landscapes (e.g., 1-5 million ha). We are using the model to analyze 50-year 
management scenarios where spatial treatment strategies and intensities are varied, and landscape response 
is measured in terms of future risk and avoided suppression costs.  Here we present initial simulations and 
discuss future application of the model.

INTRODUCTION
One of the major science gaps in U.S. wildfire 
policy is the lack of studies on the long-term 
effects of hazardous fuel reduction and restoration 
programs. For instance, there are very few studies 
that predict the effects of current fuel management 
programs and wildfire activity through time on 
wildfire risk to social, ecological, and economic 
values on national forests. Similarly, we do not 
have models to test the efficacy of strategies 
concerning the increased use of fire for resource 
benefit in concert with restoration and fuel 
reduction programs. Part of the problem is that 
modeling fuel treatments to assess long-term 
fuel management strategies on large landscapes 
requires a robust forest modeling platform with the 
capacity to model the dynamics of fuel treatments, 
wildfire, and succession for individual stands (e.g., 
2-20 ha) at the scale of multiple large wildfire 
events (e.g., 106 ha). There are relatively few 
models that have this capacity, and the respective 
application of these models each used a different 
set of assumptions and modeling approaches 
with respect to the various modeling components 
(Barros and others 2017, Conlisk and others 2015, 
Finney and others 2006, Loudermilk and others 
2014, Millington and others 2008, Scheller and 

others 2011, Spies and others 2017, Syphard and 
others 2011). Modeling realistic fuel treatment 
scenarios requires simulating mechanical thinning, 
surface fuels mastication, piling, and prescribed 
fire, which are sequenced over the span of several 
years. Silvicultural prescriptions are tailored to 
individual stands based on ecological departure 
(Haugo and others 2015), stand structure, species 
composition, and fuel structure, with the objective 
of recreating fire resilient forests. Stand treatments 
must be spatially arranged within planning areas 
in a way that meets landscape objectives related to 
fire (protection versus restoration), and landscape 
treatment unit patterns must be replicated in terms 
of the size, arrangement, and dimensions of actual 
fuel treatment projects to correctly represent their 
effects on fire spread rates and intensities (Finney 
2001). Equally important is correct representation 
of post treatment fire spread rates as well as 
vegetation and fuels recovery through time. The 
complexity of the modeling is amplified on typical 
Western United States landscapes that are mosaics 
of public, private, and private industrial ownerships, 
each having respective operational, legal, and 
economic constraints, and motivations to manage 
forests and fuels towards particular ecological and 
socioeconomic goals (Charnley and others 2015). 
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Further complicating modeling issues on federal 
lands in the Western United States is the myriad 
of forest  management plan constraints (Ringo and 
others 2015) that result in mosaics of ecological and 
amenity reserves on 50 to 60 percent of the forested 
area. 

Modeling wildfire also has a number of challenges 
including calibration under different weather 
conditions and replicating spatial ignition patterns 
and historical fire size distributions (Finney and 
others 2011, Salis and others 2016). Large fires 
(e.g., 20 000 – 100 000 ha) in the Western United 
States are relatively rare events that have little or 
no historical precedence at the scale of a typical 
study area used in landscape fire modeling studies. 
Uncertainty regarding the effectiveness of fire 
suppression activities under variable weather and 
topography also complicates simulations (Finney 
and others 2009).

To further advance forest landscape simulation 
modeling we expanded on several previous studies 
by integrating the FSim large wildfire simulation 
model (Finney and others 2011) into the Forest 
Vegetation Simulator Parallel Processing Extension 
(FVS-PPE) and optimizing the FVS code to 
simulate large landscapes over time. In contrast to 
Fire and Fuels Extension to the Forest Vegetation 
Simulator (FFE-FVS) (Rebain 2010), the FSim 
model simulates the spread and intensity of wildfire 
events rather than fire behavior and effects in an 
individual stand. We are now completing case 
studies in central Oregon, the Blue Mountains in 
eastern Oregon, and northern Idaho. In each study 
area we analyze a number of management scenarios 
in which spatial treatment strategies and intensities 
are varied and landscape responses are measured 
over 50-year simulations. Response variables 
include burned area and severity, wildfire impacts 
on the wildland urban interface, and a cost-benefit 
analysis of fuel treatments in terms of suppression 
costs. Here we describe the model and present 
initial simulation results as well as discuss future 
application.

METHODS

Model Overview
The LSim model was built by modifying the 
Parallel Processing Extension to FVS (FVS-

PPE) (Crookston and Stage 1991) to enhance its 
capabilities and improve performance in areas 
specific to modeling wildfire and wildfire effects, 
then integrating the FSim wildfire simulation 
system with it.  The model was created using 
FVS-PPE code downloaded in 2012. The original 
PPE extended FVS to allow a list of stands in 
a landscape to be processed one cycle at a time 
and makes FVS outputs available to external 
processes between FVS cycles. PPE can model 
dynamic interactions between adjacent stands, 
and place landscape-level constraints and goals on 
management activities. The utility of the program 
for landscape forest simulations was demonstrated 
in several research papers (Ager and others 
2010b, Finney and others 2007). However, PPE 
had a number of limitations including landscape 
size (number of stands), processing speed, and 
outputs.  Performance was a particular issue, with 
simulations of 8,000-9,000 stands (about one-fourth 
of a national forest) requiring several days to a week 
to complete.  

LSim consists of a modified FVS-PPE that 
controls the system by calling various other 
components. Some of these components are 
available as command line programs, such as 
FSim (Finney and others 2010) while others were 
specifically developed for this simulation system 
and imbedded within LSim. Our modifications 
were built out of open FVS source code (revision 
11/20/13) for FVS-PPE and the Southern Oregon 
and Northeast California variant of FVS (Keyser 
2008). Modifications included: (1) removing 
the limit on the number of stands to simulate, 
(2) multi-threading algorithms to use multiple 
processors, (3) between-cycle data are now stored 
in RAM, rather than written to text files, (4) custom 
fuel model selection logic replaced default Fire 
and Fuels Extension to (FFE) logic, (5) a new 
prioritizing module that provides for multi-scale 
prioritization of both stands and planning areas, 
and (6) miscellaneous code modifications to 
streamline performance. The modifications made 
it feasible to simulate 50-year scenarios for 50,000 
stands (600 000 ha) in 30 minutes.  All internal 
FVS calculations with respect to growth, mortality, 
and other aspects of forest dynamics remained 
unchanged. These modifications make updating the 
base FVS code less straightforward than simply 
dropping in the latest version, but as updates 
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have been made with regards to growth and yield 
calculations, we have incorporated those directly 
into the code base.

Integrating Wildfire Simulations
FSim is a widely used fire simulation model 
developed by Mark Finney at the Rocky Mountain 
Research Station (Finney and others 2011), and 
simulates large fire events (i.e., ignition, spread, 
intensity) in contrast to stand-scale fire behavior 
modeled in the FFE-FVS (Rebain 2010). FSim was 
created to simulate large numbers (e.g., 50,000) of 
hypothetical wildfire seasons to address a range of 
problems related to fire management policy in the 
United States. FSim employs the Minimum Time 
Travel (MTT) algorithm. Rates of fire spread and 
crown fire initiation are predicted by semi-empirical 
fire behavior equations (Rothermel 1972, Scott and 
Reinhardt 2001). FSim predicts daily probability 
of a fire using logistic regression with historical 
fire occurrence and Energy Release Component 
(ERC) as input variables, and fire containment using 
probability models also based on ERC. Weather 
data for fire simulations are derived from 20-30 year 
historical records obtained from Remote Automated 
Weather Stations (RAWS). The simulation operated 
on a daily time step and the daily probability of a 
fire was predicted using logistic regression with 
recent fire occurrence and ERC as input variables. 
Once a fire is ignited, the daily weather is generated 
using the results of a time series analysis of daily 
RAWS weather data (Finney and others 2011). The 
time series uses estimates of the seasonal trends, the 
autocorrelation (dependency of a day’s ERC value 
on previous days), and the daily standard deviation 
to generate synthetic daily weather streams for each 
day of simulation. Each fire’s growth and behavior 
were simulated from its ignition day through the 
remainder of the season, or until containment 
was achieved as predicted based on recent large 
fires and their recorded sequence of daily activity 
(Finney and others 2009). The containment model 
was developed from an analysis of the daily change 
in fire size to identify intervals of high and low 
spread for each fire. The containment probability 
model was found to be positively related to periods 
of low fire spread (Finney and others 2009). We 
assumed random ignition locations for simulated 
fires (Finney and others 2011). Large fire events 
within the study area have been primarily caused 
by lightning, and there are insufficient large fire 

incidents to detect spatial patterns if they existed. 
Fire simulations were performed at 270 x 270 m 
pixel resolution, a scale that permitted relatively fast 
simulation times and incorporated important spatial 
variation in fuel data.

Modeling Management Activities
Formulating a forest-wide restoration scenario 
on a typical national forest is a complex problem 
owing to a diversity of forest types, management 
objectives, and land designations. Our approach 
used detailed information from existing 
management programs on the Forest, including 
stand prescriptions, and a landscape scale priority 
scheme. The stand prescriptions were multipurpose 
in that they addressed both wildfire behavior and 
ecological departure from pre-settlement conditions. 
Fuel treatment prescriptions consisted of a thinning 
from below followed by a surface fuel reduction 
treatment and prescribed fire. The simulated 
treatment regime was specific to each of the major 
cover types on the Forest as determined from forest 
vegetation maps. The thinning from below used a 
threshold set by either trees per ha, stand density 
index, or basal area depending on the cover type. 
Prescribed fire parameters were chosen to replicate 
typical fall prescribed burning on the Forest. We 
modeled surface fuel reduction treatments using 
the FUELMOVE keyword and assumed that 90 
percent of fuels between 2.54 cm and 30.48 cm in 
diameter were removed. The post-treatment stand 
characteristics in terms of fuels required by the 
simulation models (canopy base height, canopy 
height, canopy cover and canopy bulk density) 
were then compared to untreated characteristics for 
the same year to determine adjustment factors to 
represent canopy fuels of treated stands. This latter 
analysis was performed with FFE-FVS for a sample 
of 4,194 mapped stands using data from recent 
stand exams on the Forest. After discussions with 
local fuels planners we chose a timber-litter (TL2) 
fuel model (Scott and Burgan 2005) to represent 
treated stands.

Application
The study area was the 756 634 ha Deschutes 
National Forest (DNF) in central Oregon and 
surrounding lands contained within a 4 km buffer. 
The proclaimed boundary is a smoothed version 
of the administrative boundary that considers 
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inholdings as part of the Forest, and thus contained 
extensive privately owned land (121 000 ha) and 
WUI (43 000 ha) in addition to the national forest 
land. The 4 km buffer included lands from adjacent 
national forests, private land, tribal entities, and 
the BLM. The physiographic gradients, diversity 
of vegetation, climate, and management resemble 
the setting around many national forests throughout 
the Western United States, and are described in 
detail elsewhere (Ager and others 2012). The Forest 
contains extensive stands of lodgepole pine (Pinus 
contorta), ponderosa pine (Pinus ponderosa), 
Douglas-fir (Pseudotsuga menziesii), white fir 
(Abies concolor) and mountain hemlock (Tsuga 
mertensiana). The Forest has experienced over 
8,400 wildland fire ignitions since 1949, mostly 
caused by lightning during the summer months. 
Wildfire activity has increased over the past decade 
with almost 2,000 ignitions and 10 large fire events 
that combined burned 74 250 ha between 2002 and 
2011.   

We simulated nine fuel management scenarios that 
were comprised of three treatment intensities and 
three priorities. The priorities were: (1) distance to 
the wildland-urban interface (WUI), (2) stand basal 
area under 21 inches DBH (BA), and (3) potential 
volume mortality due to fire (PFMORT). The three 
treatment intensities treated 7200 ha per year, (the 
current treatment rate), and twice and three times 
that rate. The priorities were modeled at both the 
scale of the planning area and the individual stand. 
Planning areas were selected based on their overall 
priority score considering all stands and respective 
conditions within the particular planning area. 
For instance, under the potential volume mortality 
scenario, the planning area with the highest value 
at that point of time in the simulation was selected 
for treatment implementation. Treatments were 
then allocated to eligible stands based on the same 
prioritization criteria until the treatment threshold 
was met. We simulated a total of 30 replicates 
for each scenario using the South Central Oregon 
Variant.  We compared the results for stands that 
were ineligible for treatment (e.g., wilderness, wild 
and scenic river recreation areas, research natural 
areas) and those eligible for treatment based on 
the DNF Land and Resource Management Plan 
described in detail in Ager and others (2012).

RESULTS
For space considerations we report here only results 
for the PFMORT scenario where treatments were 
prioritized based on potential volume mortality due 
to fire, estimated within FFE-FVS. Plots of burned 
area over time for each of the 30 replicates for the 
PFMORT scenario and the 1X treatment scenario 
show substantial variability in area burned among 
years and among replicates (fig. 1). High levels of 
inter-annual variability reflect historical patterns 
also shown in figure 1. The high variability in 
future scenarios underscores the stochastic nature 
of wildfire in space and time on large fire prone 
landscapes. Any of the replicate scenarios simulated 
are equally plausible wildfire futures for our study 
area and vary widely in terms of the amount and 
timing of wildfire events. Maps of fire perimeters 
over time in figure 2 show the spatial distribution of 
wildfire events for the first and last decades of one 
selected replicate. Fire perimeters were reasonable 
facsimiles of historical events within the study area. 

Significant temporal trends in area burned were 
not detectable over the 50-year simulation for the 
different management intensities, meaning the 
combined changes in vegetation and fuels from 
succession and management were not sufficient to 
change overall fire activity within the study area 
for any of the three treatment levels (fig. 3). These 
results were obtained assuming weather consistent 
with historical patterns in the study area. Area 
burned for the treated areas (fig. 3B) did decline 
for the 3X treatment scenario in the initial years of 
the simulation, but then increased to levels equal 
to the 1X treatment. Area burned was slightly less 
for untreatable areas (fig. 3A), primarily because 
these areas are in higher elevation forests with long 
fire return intervals compared to the treatable areas. 
Although the outputs suggested some treatment 
effects and temporal trends, these differences were 
minor compared to variability among the replicates.

Average standing merchantable volume killed by 
wildfire increased over time in the untreatable areas 
(fig. 4A). In treatable areas volume killed by fire on 
a per hectare basis was more or less constant with a 
slight increase in year 2040. The results underscored 
the importance of measuring the effect of fuel 
management on wildfire behavior within areas that 
can be treated versus at the scale of national forests, 
where on average about 50 percent of the land 
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Figure 1—Area burned among 10 replicates for the scenario 
where treatments were prioritized based on potential fire 
mortality (PFMORT) under the mid-range treatment intensity 
(14 400 ha year-1). The historical area burned is included 
for the same area from 1990-2012.  Graph shows variability 
among future wildfire scenarios associated with replicate 
simulations.
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Figure 2—Fire perimeters for a single replicate for the scenario where treatments were prioritized based 
on potential fire mortality (PFMORT), (A) decade 1, and (B) decade 5 showing spatial variability in fire 
locations during the simulation.
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cannot be treated due to forest planning and other 
legislated restrictions.

DISCUSSION
This work helps fill a gap in strategic restoration 
planning by providing a platform to help managers 
understand the long-term dynamics of forests, 
restoration policies, fuels, management scenarios 
and fire. Despite the large budget for field treatment 
programs in the National Forest System [$358 
million per year (USDA Forest Service 2014)], and 
the extensive area treated [>1 million ha per year 
in FY2013 (USDA Forest Service 2014)], decision 
support tools to understand the landscape-scale 
effectiveness of fuel treatment programs and their 
synergistic effect on succession over the long term 

do not exist. This modeling system can be used 
to test the long-term effectiveness of accelerated 
restoration policies and programs to build fire 
resilient landscapes on national forests. The fine 
spatiotemporal scale of the modeling system 
provides a robust and high resolution platform to 
analyze fuel treatment strategies on landscapes 
that are highly fragmented and variable with 
respect to constraints on mechanical treatments, 
vegetation, fuels, ownership and weather. In 
particular, we advanced forest landscape succession 
and disturbance modeling by integrating a widely 
applied mechanistic wildfire simulation system with 
a forest growth simulator that has been calibrated 
for a wide range of forest ecosystems. The fire 
modeling system builds an important bridge 
between forest planning efforts on national forests 

Figure 3—Average annual area burned for the scenario 
where treatments were prioritized based on potential fire 
mortality (PFMORT). (A) stands ineligible for treatment (e.g., 
wilderness); (B) stands that are eligible for treatment based 
on the Deschutes National Forest Plan.  Data are averaged 
over 30 replicate simulations.
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and the fire management programs that use the 
FlamMap fire behavior library. 

FVS-PPE has been used in several previous studies, 
but none of these incorporated wildfire as an 
endogenous process within the simulation system. 
In a previous study in eastern Oregon, the PPE 
was used to model spatial fuel treatment scenarios 
that targeted either restoration of upland forest or 
crown fire in and around urban interface (Ager 
and others 2010b). In another study the PPE was 
used to analyze landscape carbon budgets from 
fuel management (Ager and others 2010a). The 
PPE was also used by Finney and others (2007) 
in a detailed temporal landscape modeling study 
of fuel treatment optimization, but that study did 
not incorporate wildfire as an endogenous process 
within the simulation system.

The FSim model and underlying FlamMap 
code library are widely used for strategic fuels 
planning and risk assessment in the United States 
(Thompson and others 2011). The MTT algorithm 
and associated wrappers are a core component of 
United States wildfire planning systems (Ager and 
others 2014, Ager and others 2011, Andrews 2007, 
Finney and others 2011, Noonan-Wright and others 
2011, Rollins 2009, Scott and Burgan 2005) and 
are used globally in other fire prone systems as well 
(Alcasena and others 2015, Kalabokidis and others 
2015, Oliveira and others 2016, Salis and others 
2014). Thus as part of this work we leverage the 
long history of fire model development in United 
States federal land management agencies (Systems 
for Environmental Management 2017).
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Figure 4—Stand mortality from wildfire.  (A) stands ineligible 
for treatment (e.g., wilderness); (B) stands that are eligible 
for treatment based on the Deschutes National Forest Plan. 
Data are averaged over 30 replicate simulations.
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The focus of the current paper was describing 
methodologies for building LSim. Our simulation 
experiment was primarily conducted to demonstrate 
the system in concert with the modeling methods 
and wildfire prediction system. Additional 
simulation studies will be reported in later 
communications. The simulations we presented 
suggest that under assumptions of constant climate 
wildfire trends under current levels of management 
are stable. Substantial successional induced changes 
in surface and canopy fuels are not predicted for the 
study landscape. This suggests that the system is 
not at a specific tipping point with respect to fuels 
accumulation and that the current rate of treating 
fuels as part of ecological restoration programs 
(Buford and others 2015, Noss and others 2006) 
is about the same as fuels accretion. Analysis of 
variability among years for future wildfire scenarios 
suggested that extreme fire behavior may or may not 
be realized in the near term future (e.g., 1–10 years). 
High variation among years (and replicates),where 
each represent an alternative future scenario, 
suggests that management policies may or may 
not be perceived in the short run as making a 
significant difference in fire activity. This variability 
has manifold effects on policy implementation by 
obscuring trends in wildfire activity in response to 
restoration and protection programs, and further 
complicating the assessment of restoration programs 
and their potential benefits.
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