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A B S T R A C T   

Wildfire sizes and proportions burned with high severity effects are increasing in seasonally dry forests, espe-
cially in the western USA. A critical need in efforts to restore or maintain these forest ecosystems is to determine 
where fuel build-up caused by fire exclusion reaches thresholds that compromise resilience to fire. Empirical 
studies identifying drivers of fire severity patterns in actual wildfires can be confounded by co-variation of 
vegetation and topography and the stochastic effects of weather and rarely consider long-term changes in fuel 
caused by fire exclusion. 

To overcome these limitations, we used a spatially explicit fire model (FlamMap) to compare potential fire 
behavior by topographic position in Lassen Volcanic National Park (LAVO), California, a large (43,000 ha), 
mountainous, unlogged landscape with extensive historical and contemporary fuels data. Fuel loads were uni-
formly distributed and incrementally increased across the landscape, meaning variation in fire behavior within 
each simulation was due to topography and among simulations, to fuels. We analyzed changes in fire line in-
tensity (FLI) and crown fire potential as surface and canopy fuels increased from historical to contemporary 
levels and with percentile and actual wildfire weather conditions. 

Sensitivity to the influence of fuel build-up on fire behavior varied by topographic position. Steep slopes and 
ridges were most sensitive. At lower surface fuel loads, under pre-exclusion and contemporary canopy condi-
tions, fire behavior was comparable and remained surface-type. As fuels increased, FLI and passive crown fire 
increased on steep slopes and ridgetops but remained largely unchanged on gentle slopes. Topographic vari-
ability in fire behavior was greatest with intermediate fuels. At higher surface fuel loads, under contemporary 
canopy fuels, passive crown fire dominated all topographic positions. With LAVO’s current surface fuels, the area 
with potential for passive crown fire during actual fire weather increased from 6% pre-exclusion to 34% due to 
canopy fuel build-up. For topographically diverse landscapes, the results highlight where contemporary fire 
characteristics are most likely to deviate from historical patterns and may help managers prioritize locations for 
prescribed burning and managed wildfire to increase fire resilience in fuel rich landscapes.   

1. Introduction 

In recent decades, wildfire size and proportion of fires producing 
high severity effects have increased in western U.S. forests (Abatzoglou 
and Williams, 2016; Miller et al., 2009) with negative consequences for 
biodiversity, at-risk-species (Spies et al., 2006), and carbon sequestra-
tion (Hurteau et al., 2019), as well as damage to timber and property, 
and even loss of human lives (Calkin et al., 2014; Cohen, 2008). Fire 
sizes and proportion of high severity effects are growing due to a 

combination of our inability to suppress fires under increasingly 
frequent extreme fire weather conditions related to climate change 
(Collins, 2014; Westerling, 2016; Williams et al., 2019) and large 
contiguous areas with uncharacteristically high fuel loads (e.g. Coving-
ton and Moore, 1994; Fulé et al., 2009; O’Connor et al., 2014) resulting 
from a century of fire exclusion (Agee and Skinner, 2005; North et al., 
2012). High intensity fires can cause a shift to non-forest over wide areas 
because of poor post-fire tree regeneration and increases in shrubs or 
grasses, particularly in drier forests that used to burn frequently (Coop 
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et al., 2016; Davis et al., 2018). Avoiding long-term vegetation shifts by 
enhancing and maintaining ecosystem resilience (i.e., capacity to regain 
and retain defining characteristics after disturbance) has become a 
central concern in public land management (Hessburg et al., 2015, 
2019). 

Reconstructions of fire excluded western forests have quantified the 
extent to which fuel loads and forest structure deviate from their his-
torical range of variability, (HRV) (Keane et al., 2008; Morgan, 2004; 
O’Connor et al., 2014). Modeling studies demonstrate how, in 
fuel-limited forest types, these deviations result in more extreme fire 
behavior than was historically experienced (Steel et al., 2015; Taylor 
et al., 2014). There is also compelling evidence from empirical and 
modeling studies that forests restored towards HRV conditions with fuel 
treatments are more resilient to fire in face of near-term (Flatley and 
Fulé, 2016; Keane et al., 2018; Lydersen et al., 2017) and longer-term 
climate changes (Knapp et al., 2021; Vernon et al., 2018). However, 
the extent of fuel reduction treatments remain insufficient in most 
landscapes to moderate wildfire effects (North et al., 2015; Syphard 
et al., 2011). This deficit highlights a need to identify thresholds of 
potential concern, (TPC) (Moritz et al., 2013), for management action 
(Barnett et al., 2016) to maintain ecologically based governance 
(Twidwell et al., 2019), particularly in national parks and wilderness 
where mechanical treatments are restricted and prescribed burnings and 
wildfire effects are the primary agents for vegetation and fuels man-
agement (National Park Service, 2006; North et al., 2012). 

Focusing on how topographic variables (e.g. slope shape, aspect, 
slope position) influence patterns of forest structure and fuels is an 
emerging framework for expanding understanding of current deviation 
from a pre-fire exclusion HRV reference (Dillon et al., 2011; North et al., 
2009; Skinner et al., 2018). The influence of topography on vegetation 
characteristics including site productivity, forest composition and 
structure, and fuel type indirectly shapes historical fire regime charac-
teristics (Merschel et al., 2018; O’Connor et al., 2014; Rollins et al., 
2002). Due to overlying vegetation and moisture patterns, elevation is 
often a strong predictor of severity (Agee, 1993; Kane et al., 2015; 
Sturtevant et al., 2009). Terrain can also directly influence fire behavior 
and subsequent fire effects (Albini, 1976). For example, increasing slope 
angle alone can increase fire intensity and severity of effects at sites with 
equivalent fuel loads (Knapp and Keeley, 2006; Safford et al., 2009). 
Consequently, fire severity in western forests generally increases with 
slope angle. However, fuel accumulation can override historical topo-
graphic effects on fire severity patterns (Hessburg et al., 2019). The fuel 
thresholds at which novel patterns may develop are largely unexplored. 

Extreme weather and interactions of weather and topography can 
amplify fire behavior. For example, alignment of slope and wind di-
rection can result in higher fire intensity on windward vs. leeward slopes 
with similar fuels (Prichard et al., 2020). Altering fuel structure, such as 
lowering quantities of surface fuel or creating an open vertically 
discontinuous forest canopy, can moderate the combine effects of 
extreme weather and topography on fire behavior and effects (Ritchie 
et al., 2007). For western conifer and other fire-prone forests such as 
Mediterranean conifer (Lecina-Diaz et al., 2014; Mitsopoulos et al., 
2019) and Australian dry scherophyll woodland (Bradstock et al., 2010) 
where extreme weather is increasing fire size and severity, a greater 
understanding of the interplay of topography, fuel accumulation, and 
extreme weather is needed to identify how contemporary fire charac-
teristics deviate from HRV and to prioritize locations for prescribed 
burning and desired wildfire effects to increase forest resilience to 
wildfires (Moreira et al., 2020). 

In this study, we use landscape fire simulations to examine the in-
fluence of topography and fuel load on potential fire behavior. Analysis 
of severity patterns following actual wildfires would be confounded by 
correlations between terrain, vegetation, and fuels, and the stochastic 
effects of weather. Our modeling framework controls the confounding 
effects by distributing an incremental series of fuel conditions uniformly 
across the study site. This permits us to identify the fuel thresholds that 

alter fire behavior in different terrain units. Our specific research 
questions were:  

1) How does fire behavior vary with topography as canopy and surface 
fuels increase?  

2) Does the surface fuel threshold at which fire type shifts from surface 
to crown vary with topography?  

3) How does extreme fire weather alter topographic patterns of fire 
behavior under contemporary and historical fuel conditions? 

We anticipated that topography would more strongly drive fire 
behavior, specifically intensity and fire-type, with pre-fire exclusion fuel 
conditions compared to contemporary fuels, resulting in greater his-
torical variation by landscape position. We hypothesized fuel accumu-
lation would eventually overwhelm topographic effects on fire behavior 
by generating more intense and homogenous patterns of fire behavior. 
We also predicted that extreme fire weather, particularly actual weather 
conditions from recent wildfires, would accelerate the shift in fire 
behavior. 

2. Study area 

We selected Lassen Volcanic National Park (LAVO), California as an 
example landscape because LAVO is a large (43,000 ha), mountainous, 
unlogged area where fire-suppression has been the only large-scale 
human impact on vegetation and fuel conditions. Additionally, use of 
fire is the main tool for management of ecological conditions, and 
parkwide spatially explicit data on contemporary and historical fuels 
estimates are available. 

LAVO (elevation 1609–3187 m) lies at the southern end of the 
Cascade Range, a volcanic plateau punctuated by high volcanic peaks 
(Fig. 1a–c). Forest dominants co-vary with elevation (Parker, 1991; 
Schoenherr, 2017; Taylor, 1990, 2000). The lower elevation forests are 
dominated by ponderosa pine (Pinus ponderosa) and Jeffery pine 
(P. jeffreyi), and mixed conifer forests of Jeffrey pine (P. jeffreyi) and 
white fir (Abies concolor) occur at higher elevation. Upper montane 
forests are composed of red fir (A. magnifica var. magnifica), white fir 
(A. concolor), and western white pine (P. monticola). Lodgepole pine 
(P. contorta spp. murrayana) occupies low lying flats and moist de-
pressions where cold air pooling impedes regeneration of other montane 
forest species. High elevation forests are dominated by mountain hem-
lock (Tsuga mertensiana) and whitebark pine (P.albicaulis) (Taylor, 
1995). LAVO is dominated by gentle to moderate slopes and the mean 
slope angle is 19.0% with little area (0.5%) having slopes >100%. The 
climate is Mediterranean, characterized by warm, dry summers and 
cold, wet winters. Average daily temperature ranges at Manzanita Lake, 
California (elevation 1780 m) are − 6.6 ◦C–5.0 ◦C in January and 
7.5 ◦C–26.1 ◦C in July (WRCC 2009). Mean annual precipitation is 1040 
mm, but inter-annual variability is high. Most precipitation (>80%) falls 
as snow between November and April, and mean annual maximum 
snowpack depth from the Lower Lassen Peak Snow Course in April is 4.6 
m (1.6min-8.4 max) (NOHRSC 2010). 

3. Methods 

3.1. Model framework 

We used the wildfire simulation model FlamMap (Finney, 2006) to 
simulate potential fire behavior (hereafter, fire behavior) across LAVO. 
Gridded fuel and topographic layers and fixed weather conditions are 
used as model inputs to produce spatially explicit estimates of fire 
behavior. FlamMap is deterministic and does not simulate specific ig-
nitions or fire growth. Each calculation is done independently across 
cells in a gridded landscape. 

All simulations were run at a 30 m resolution. Topographic inputs 
were elevation, slope, and aspect and were derived from digital 
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elevation model (DEM) for LAVO (National Elevation Dataset (NED, http 
s://apps.nationalmap.gov/). Fuel inputs included LAVO specific surface 
fuel models (Scott and Burgan, 2005) and canopy fuel parameters: 
canopy cover (CC), stand height, (HT), crown base height, (CBH), crown 
bulk density, (CBD) (Pierce et al., 2012). Fixed weather inputs were fuel 
moistures, wind speeds, and directions. The Finney (1998) crown fire 
calculation method was selected to estimate crown fire behavior. 

To determine how fire behavior varies with topography as fuels in-
crease, for each simulation we used only one surface fuel model and one 
set of canopy fuel parameters spread uniformly across LAVO (Fig. 2). We 
incrementally increased fuel loads to simulate fuel build-up. Gridded 
outputs were fire line intensity (FLI, kW*m− 1) and fire type (surface, 
passive crown, active crown). With uniform fuels, variation in FLI and 
fire type across LAVO within each scenario was attributable to variation 
in topography, while differences among scenarios at equivalent loca-
tions could be attributed to fuel changes. We examined the effects of 
weather by comparing results for equivalent fuels and topography with 
percentile versus actual fire weather parameters. 

3.1.1. Surface fuels 
Eight surface fuel models from Scott and Burgan (2005) were 

selected to represent the range of existing fuel conditions in LAVO based 
on LandFire and Park Service fuel maps in 2000. For each simulation, 
one of the following surface fuel models was distributed across LAVO: 
TL1—low load of compact short-needle litter, TL3—moderate load of 
conifer litter, TL4—moderate load of small downed limbs, TL5—high 
load of conifer litter, TL7—high load of conifer litter with some large 
diameter logs, TL8—moderate load of long-needle pine litter, 
TU1—timber understory with a low load of grass or shrubs, and 
TU5—timber understory of shrub or small tree understory with heavy 
forest litter (Scott and Burgan, 2005). These sequences of fuel models 
also represent increasing surface fuel loads with forest development as 
coarse woody debris accumulates with increasing time since fire such as 
are evident in repeat photographs over a fire-free century in LAVO in the 
top two panels of Fig. 3. 

3.1.2. Canopy fuels 
Two canopy fuel conditions were used: One representing pre-fire 

exclusion condition and, the other, a contemporary forest under a pol-
icy of fire suppression. Each scenario contained single values for CC (%), 
HT (m), CBH (m), and CBD (kg*m− 3). The values for pre-exclusion and 
contemporary canopy fuels were respectively; CC, 20 and 50%, HT, 40 
and 25 m, CBH, 5 and 1.5 m, CBD, 0.05 and 0.1 kg*m− 3. 

The contemporary canopy fuel scenario parameters were developed 
for LAVO by Pierce et al. (2012) from a random forest model using 
remote sensing and topographic data derived from a DEM and 223 field 
plots with HT and CBH measurements at the tree level and CBD and CC 
measurements derived from hemispherical photographs at the plot level. 
For the pre-exclusion canopy fuels, we used mean values of HT, CBH, 
and CBD from a pre-fire exclusion forest reconstruction developed using 
dendroecological techniques for forests in the Sierra Nevada with 
similar composition to those in LAVO by Taylor et al. (2014). Values 
reconstructed by Taylor et al. (2014) were comparable to reconstructed 
values for other western forests reported by Fulé et al. (2004), Brown 
et al. (2008), and Scholl and Taylor (2010). For pre-exclusion CC, we 
reduced values in Pierce et al. (2012) by half because pre-fire exclusion 
forests had lower basal areas and densities (Taylor et al., 2014), and 
increases in forest cover due to fire exclusion are well documented in 
LAVO (Taylor, 2000) (Fig. 3) and elsewhere in the southern Cascades 
(Skinner and Taylor, 2018), Klamath Mountains (Skinner et al., 2018; 
Taylor and Skinner, 2003), and the Sierra Nevada (Lydersen and Collins, 
2018; Scholl and Taylor, 2010). 

3.1.3. Weather 
A total of 5 weather conditions were used - three percentile weather 

and two weather conditions from actual wildfires. The 80th, 90th, and 
97th percentile weather parameters, (i.e., fuel moistures for 1,10-, and 
100-h fuels, woody and herbaceous fuels, and wind speeds at 6.2 m) 
were computed with FireFamily Plus (Bradshaw and Tirmenstein, 2010) 
for the fire season (June 1 -October 31) using weather data (1962–2011) 
from the LAVO Manzanita Lake RAWS station, elevation 1780 m (FAM 
et al., 2011). Because conditions during actual wildfires increasingly 
differ from percentile conditions (Jain et al., 2017), we also used actual 
fuel moistures and wind speeds from the most extreme days during two 
wildfires in LAVO; the day with the highest windspeeds during the 
Huffer fire (2008), and the day with the highest Energy Release 
Component, (ERC), during the 2012 Reading Fire (See Supplemental 
Table S1). Fuel moistures were not pre-conditioned in the model because 
in California the long dry season removes expected moisture differences 
between shaded and less-shaded forests (Estes et al., 2012). 

Wind direction affects rates of fire spread and fire intensity, espe-
cially during hot and dry periods. For each set of weather conditions, we 
applied 3 wind direction scenarios: 1) uphill; 2) constant direction of 
247◦, the most common daytime wind direction for Manzanita Lake 
during the fire season, and 3) variable speeds and directions based on 
WindNinja (Forthofer et al., 2009). WindNinja simulates the effect of 
terrain on wind speed and direction, and these gridded winds can 

Fig. 1. Maps showing A. location of study area, Lassen Volcanic National Park 
within California, B. extent of the park. C.topographic features from DEM with 
hill shading D. Landscape Management Unit tool polygons designating topo-
graphic positions; ridges (red), valleys (pink), NE gentle slopes = light blue, NE 
steep slopes = blue, SW gentle = light purple, SW steep = purple, where, NE =
315◦–135◦, SW = 135◦–315◦, steep =>30%, gentle=<30%. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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increase the accuracy of fire behavior predictions (Finney, 2006; Strat-
ton, 2006). 

3.2. Simulations 

To determine how fire behavior varies with topography as fuels in-
crease, we incrementally increased fuel loads to simulate fuel build-up. 
To compare the effects of percentile and more extreme recent actual fire 
weather conditions, for each combination of surface and canopy fuels, 
the model was run for the 5 weather scenarios (3 percentile and 2 actual 
wildfire) each with 3 wind scenarios (constant, uphill, directional), for a 
total of 9 (3 × 3) percentile and 6 (2 × 3) actual weather scenarios, for 
15 simulations per time period or 30 simulations per surface model, for a 
total of 240 simulations (Fig. 2). 

3.3. Topographic units 

To analyze fire behavior by topographic characteristics, we classified 
the landscape into six topographic positions defined by slope-aspect and 
position using the Landscape Management Units (LMUv2) tool (Under-
wood et al., 2010) and the 30 m DEM for the park. The landscape was 
divided into ridges, steep (>30%) northeast (315◦–134◦) and southwest 
(135◦–314◦) slopes, gentle (<30%) northeast and southwest slopes, and 
valley bottoms (Fig. 1d). We used this classification tool because the 
categories were devised for management planning based on ecologically 
meaningful characteristics (Underwood et al., 2010). 

The LMU tool categorized LAVO as mainly gentle (<30%) slopes 
comprising ca. 43% of the study site (Table 1, Fig. 1d). Ridges covered 
16% and valley bottoms 14%, respectively. The remaining area (26%) 
was steep (>30%) slope units. The mean slope of the NE and SW gentle 
units was 13% (SD ± 9.2). The mean slope of the SW steep units was 
46% (SD ± 17.2) and the NE mean was 43% (SD ± 15.9). 

3.4. Analysis 

To identify how an increase in fuels and extreme weather alters fire 
behavior across the landscape, we report the percent change in mean FLI 
between pre-exclusion fuels and contemporary canopy fuels for each 
surface fuel model at 6 topographic positions with percentile and actual 
weather (Fig. 2). We also report the mean proportion of crown type fire 
as fuels increase. 

To simulate concurrent increase in surface and canopy fuels due to 
fire exclusion, we selected a low surface load (TL1), moderate surface 

load (TL8), and high surface load (TU5) scenario and calculated the 
mean increase in FLI by topographic position for three changes: (i) from 
low-load pre-exclusion to a moderate-load contemporary; (ii) moderate- 
load pre-exclusion to high-load contemporary; (iii) from low-load pre- 
exclusion to high-load contemporary. In terms of fire suppression, in 
western US forests, FLI’s > 346 kW*m− 1 are too intense for holding fire 
with a handline and require heavy equipment, while for values > 1730 
kW*m− 1 torching and crowning are expected and control is anticipated 
to be extremely challenging (Alexander and Cruz, 2019). 

4. Results 

4.1. Canopy fuels and FLI 

Differences in fire behavior between pre-fire exclusion and contem-
porary canopy fuel loads with equivalent surface fuel varied by topo-
graphic position (Table 2). With the lightest 3 surface fuel loads, mean 
FLI decreased from pre-fire exclusion to contemporary conditions across 
all topographic units with the greatest decreases on gentle slopes. In 
contrast, as surface fuels increased to the five higher surface fuel load 
models (TL5, TL7, TL8, TU1, and TU5), FLI increased, with the greatest 
increases on ridges (22–76%) and steep slopes (5–31%). Under three 
loads, TL5, TL8, and TU5, FLI also increased slightly (1–5%) on valley 
bottoms. 

4.2. Surface fuels and fire type 

The surface fuel load threshold for a change in fire-type from surface 
to passive crown fire following an increase in canopy fuel load also 
varied by topographic position. Under the pre-fire exclusion canopy fuel 
scenario, surface fire accounted for >99% of the modeled fire behavior 
across the landscape, except at the high load surface fuel model TU5 
(Fig. 4). With TU5, 2–7% of steep slopes and ridges experienced passive 
crown fire (see also Supplementary Table S2). Under contemporary 
canopy conditions, with the 2 lightest surface fuel models (TL1, TL3), 
surface fire dominated (>99%) modeled fire behavior (Fig. 4). With 
increasing surface fuel loads, ridgetops, steep slopes, and valley bottoms 
had increasing proportions of passive crown fire, with ridgetops and 
steep south-facing slopes showing the greatest increases. At TL4, passive 
crown fire occurred on only ridges and steep slopes (1–2%). At increased 
loads, passive crown fire appeared on gentle southern slopes and 
increased on steep slopes and ridges. Passive crown fire was predomi-
nant across all topographic positions with high load TL8 under actual 

Fig. 2. Input, outputs and data analysis for modeling fire behavior with Flammap across Lassen Volcanic National Park, CA.  
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wildfire weather conditions. At the highest fuel (TU5), passive crown 
fire accounted for >99% of the fire behavior across all topographic 
positions under all weather conditions while active crown was predicted 
to occur in 1% of ridgetops. 

4.3. Fuel accumulation and FLI 

Simultaneous increases in canopy and surface fuel loads to simulate 
fire exclusion showed an increase in FLI modulated by topographic 
position (Table 3). FLI change was greatest on steep southern slopes 
(209–2095 kW*m− 1) followed by ridgetops (294–1862 kW*m− 1) and 
smallest on gentle slopes, especially gentle northeast slopes (83–844 
kW*m− 1). An increase from low to moderate loads, on steep southern 
slopes and ridges a fire previously suppressible with a hand crew would 
shift to heavy equipment at a minimum. With the greatest increase in 
surface fuel load (TL1 to TU5) the increase in FLI during actual fire 
weather conditions for ridges and steep southern slopes (1862–2095 
kW*m− 1) exceeds the suppression value 1730 kW*m− 1 likely rendering 
fire suppression ineffective across these locations (Alexander and Cruz, 
2019). 

4.4. Fire weather and FLI 

Compared to the percentile weather conditions, the higher wind-
speeds and drier fuels recorded during actual wildfire weather condi-
tions resulted in slight to modest increases in % FLI change and more 
crown fire. For the fuel accumulation scenarios, FLI increases with 
actual weather were 26%–72% greater than with percentile weather 
conditions (Table 3). The largest percentage increases occurred on 
gentle slopes. The proportion of potential passive crown fire on gentle 
slopes almost doubled with actual wildfire weather for TL5 and TL7, 
from 9% to 15% and from 7% to 15% respectively (Fig. 4, Supplemental 
Table S2). At high (TU5) and low (TU1) surface fuel loads, the pro-
portions of passive crown fire remained similar for percentile and 
wildfire weather conditions. 

4.5. Fire behavior changes in LAVO 

About 65% of LAVO was forested in the year 2000. With actual 
surface fuel loads and actual fire weather for the park, when the canopy 
fuel loads were increased from pre-fire exclusion to contemporary levels, 
the proportion of passive crown increased (Table 4, Fig. 5a and b). With 
pre-fire exclusion canopy fuels, passive crown fire was predicted to 
occur in 6% of the forested landscape, including ridgetops, steep 
northern slopes, and valley bottoms (Table 4). With the contemporary 
canopy fuels, all topographic positions and 34% of the forest had po-
tential passive crown fire, including around one-quarter of gentle slopes 
with more widespread crown fire on steep slopes and on all ridgetops 
(Fig. 5c, Table 4). Increased canopy fuels are predicted to lower FLI for 
the gentle slopes that comprise the majority (62%) of LAVO forest 
(Fig. 5d). In contrast, the remaining steeper slopes, ridges, and valley 
bottoms with moderate to high surface fuels models, are predicted to 
have an increase in FLI (mean 19%, range 1–74%) with contemporary 
canopy fuels. 

5. Discussion 

5.1. Topography and fuel changes 

Landscapes that experience mixed severity fire effects such as the 
forests in LAVO represent high priorities for restoration because they are 
prone to exceed HRV in time since fire (Hessburg et al., 2005). However, 
the historical fire effects are difficult to quantify and define because they 
were driven by an interplay of multiple factors, most importantly fuel 
loads, weather, and topography (Steel et al., 2015). Our evaluation of 
fire behavior by modeling homogenous fuel loads across a mountainous 

Fig. 3. Repeat photographs of a low-elevation mixed conifer forest in Lassen 
Volcanic National Park, CA illustrating build-up in canopy and surface fuels 
following a century of fire exclusion and effects of a subsequent wildfire. 1925- 
pre-fire exclusion, 2009 contemporary forest, 2013 after a 2012 wildfire, the 
Reading Fire. 

Table 1 
Area and proportion of Lassen Volcanic National Park, CA by topographic po-
sition unit (combination of slope position and aspect) defined by the Land 
Management Unit tool (Underwood et al., 2010) with the mean slope (%) and 
standard deviation by unit. Steep >30%, Gentle <30%.  

Topographic Unit Area (Ha) Proportion (%) Mean Slope% Std Dev 

Ridge 5542 13 36 23.4 
SW Steep 2309 5 46 17.2 
NE Steep 2242 5 43 15.9 
SW Gentle 11,577 27 13 9.2 
NE Gentle 14,584 34 13 9.2 
Valley Bottoms 7263 17 25 19.0 

Total 43,517 100%    
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landscape demonstrates that topography is most influential on fire 
behavior when fuel loads are intermediate and least influential when 
fuel loads are high or low. At intermediate fuel loads, topographic po-
sition can both amplify and dampen the effects of fuel accumulation on 
fire behavior. Specifically, ridgetop and steep slopes have a lower 
threshold for fuel accumulation than other topographic positions and 
show the greatest percent increases in fire intensity and crown type fire 
when fuels increase. In contrast, gentle slopes and valleys require 
greater fuel build-up and more severe weather to undergo increases in 

crown fire. At high surface fuel loads, high severity fire becomes wide-
spread and can occur on all topographic positions. Alternatively, low 
fuel loads may continue to burn with moderate fire behavior even during 
extreme weather. 

In LAVO, the SW steep slopes show slightly greater FLI and crown 
fire proportion than for NE steep slopes. This is likely because the mean 
slope was higher for SW slopes (46% vs 43%), and because, for the 
constant wind direction scenario, the predominant wind direction dur-
ing the fire season is a WSW wind that aligns with the SW facing slopes. 

Table 2 
Mean percent change (±95% CI) fire-line intensity by topographic position unit between the pre-exclusion and the contemporary time period canopy fuel scenarios for 
percentile 80,90, and 99, (Percent) and actual Huffer and Reading fire weather (Actual) conditions with each surface fuel model in Lassen Volcanic National Park, CA. 
*Slopes: Steep >30%, Gentle <30%.  

Topographic 
Unit 

Ridge NE Steep* Slope SW Steep* Slope NE Gentle* Slope SW Gentle* Slope Valley Bottom 

Weather Percent Actual Percent Actual Percent Actual Percent Actual Percent Actual Percent Actual 
Fuel Model —————————————————————————Mean Percent Change————————————————————————— 
TL1 − 12 ± 1 − 14 ±

0.4 
-7  
± 1 

− 11 ± 1 − 12 ± 1 − 12 ±
0.4 

− 21 ± 0.1 − 23 ±
0.1 

− 21 ± 0.1 − 22 ±
0.1 

− 15 ± 0.4 − 18 ±
0.3 

TL3 − 11 ± 1 − 14 ± 1 − 21 ± 1 − 12 ± 1 − 8 ±1 − 13 ± 1 − 15 ± 0.1 − 24 ±
0.1 

− 19 ± 0.1 − 23 ±
0.1 

− 12 ± 1 − 18 ±
0.3 

TL4 1 ± 2 − 3 ±2 − 1 ±1 − 9 ±2 − 5 ±1 − 9 ±2 − 18 ± 0.1 − 25 ±
0.1 

− 18 ± 0.1 − 24 ±
0.1 

− 11 ± 1 − 17 ± 1 

TL5 74 ± 10 76 ± 11 24 ± 8 12 ± 8 30 ± 8 42 ± 10 − 18 ± 0.1 − 27± 0.1 − 18 ± 0.1 − 23 ±
0.1 

5 ± 4 0 ± 4 

TL7 19 ± 3 31 ± 5 5 ± 3 11 ± 4 5 ± 3 12 ± 4 − 17 ± 0.1 − 20 ±
0.1 

− 16 ± 0.1 − 21 ±
0.1 

− 6 ±1 − 6 ±2 

TL8 53 ± 7 67 ± 8 24 ± 5 29 ± 5 31 ± 5 45 ± 6 − 21 ± 0.1 − 16 ±
0.1 

− 19 ± 0.1 − 14 ±
0.1 

5 ± 2 9 ± 2 

TU1 40 ± 8 56 ± 10 17 ± 6 14 ± 8 10 ± 5 8 ± 7 − 15 ± 0.1 − 25 ±
0.1 

− 15 ± 0.1 − 26 ±
0.1 

0 ± 3 − 11 ± 3 

TU5 22 ± 3 29 ± 3 14 ± 2 4 ± 6 15\ ±2 6 ± 8 − 13 ± 0.1 − 29 ±
0.1 

− 12 ± 0.1 − 27 ±
0.1 

1 ± 1 − 13 ± 2  

Fig. 4. Proportion of surface (gray) and passive crown (black) fire predicted under actual fire weather conditions by topographic position for pre-fire exclusion 
canopy (P) and, contemporary canopy (C) with 8 surface fuel models in Lassen Volcanic National Park, CA. Gentle = slopes <30%, Steep = slopes >30%, NE =
315◦–135◦, SW = 135◦–315◦ *Fuel model TU5 current canopy fuel scenario has 1% active crown fire on ridges. 
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The decrease in potential FLI for gentle slopes and valleys with 
increased canopy fuel seems counterintuitive. However, since FlamMap 
calculates FLI as combustion rate × flame depth while flame depth is fire 
rate of spread × residence time, the decrease is likely related to the ef-
fects of denser canopy resulting in lower mid-flame windspeed and 
spread rate and to higher humidity and fuel moisture causing a lower 
combustion rate (Agee et al., 2000; Rothermel, 1983). In actual wild-
fires, canopy fuel reductions from treatments have indeed resulted in 
increased FLI and spread rates (Cochrane et al., 2012). In California, 
higher fuel moistures in areas with canopy shading are limited to early 
in the fire season because any shade related moisture differences 
disappear as the dry season progresses (Estes et al., 2012). 

In the LAVO landscape, valley bottoms had more passive crown fire 
and greater increases in FLI when surface fuels increased than did gentle 
slopes. This is because in LAVO, the LMU designated valley bottoms 
have, on average, a greater slope angle than the predominately flat areas 
comprising the gentle slope categories, and because the modeled grid-
ded winds were funneled through the valleys. The tendency of valleys 
and gentler slopes to burn at lower severity has been shown to maintain 
areas with high canopy cover and large trees providing persistent 
refugia of animal habitat and plant seed sources (Krawchuk et al., 2016). 

Although these topographic positions exhibit greater resilience to fuel 
build-up than slopes and ridges, excessive fuel build-up may overwhelm 
terrain controls, leading to historically unusual fire behavior, potential 
novel vegetation, and legacy effects that drive future vegetation dy-
namics (See Fig. 3) (Bradstock et al., 2010; García-Llamas et al., 2020). 

5.2. Weather and fuel changes 

Weather during actual wildfires in LAVO exceeded percentile 
weather conditions which has also occurred in other wildfires in the 
region (Jain et al., 2017). The increasing likelihood of extreme weather 
is an incentive for including extreme conditions in planning exercises. In 
gentle terrain, extreme weather may drive stronger shifts in fire 
behavior even when surface fuel loads are not high. Relative increases in 
FLI between percentile and actual fire weather were greatest on gentle 
slopes. This has implications for how different landscapes with a history 
of fire exclusion are likely to respond to fires in a changing climate. For 
example, in the rolling topography on Arizona’s Kaibab Plateau, 
modeled fire severity in forests restored to historical composition, den-
sity, and age structure was insufficient to prevent high severity fire 
spreading from mid to high elevations under climate change weather 
scenarios (Flatley and Fulé, 2016). In contrast, in the more complex 
terrain of the Sierra Nevada, with 1200 m of elevation change, a range of 
modeled fuels reduction treatments all reduced fire severity even in 
extreme conditions (Dow et al., 2016). Gentle topography may partially 
explain findings that weather is a stronger predictor of fire severity than 
topography in the Columbia and Colorado Plateaus regions of the 
western USA (Parks et al., 2018). Because of the relative importance of 
weather, long-term landscape and fire regime restoration strategies in 
gentler landscapes may especially benefit from incorporating projected 
climate change in evaluating likely effectiveness. 

5.3. Model limitations 

This study has several limitations related to the modeling platform 
and data streams used to project fire behavior. First, developing accurate 
estimates of pre-fire exclusion canopy fuels is challenging. Our values 
are based on forest reconstructions using tree rings and yield estimates 
of forest structure similar to early 20th century forest inventory values 
(Scholl and Taylor, 2010) and another historical forest reconstruction 
(Brown et al., 2008). However, reconstructions are developed from a 
limited set of forest conditions and may underestimate the abundance of 
small diameter trees and regeneration (Taylor et al., 2014). This would 
in turn over-estimate the CBH which would over-estimate surface fire 
component since FlamMap’s torching simulation is highly sensitive to 
CBH (Scott and Reinhardt, 2001). Most of these forests would have had a 
patchy distribution of regeneration that could affect local canopy fuel 
conditions and contribute to a patchy distribution of potential crown 
fire. To help address this limitation, in addition to crown fire, we also 
compared changes in FLI which does not rely on CBH. Moreover, we 
focused on relative differences in fire behavior rather than actual values 
to highlight where contemporary conditions deviate from those before 
fire exclusion. 

Second, the model results rely on FlamMap’s treatment of surface 
fuel models (Cruz and Alexander 2010) and their linkage to canopy fuel 
characteristics and potential for crown fire behavior. The contemporary 
surface fuel model map in LAVO was derived from an extensive set of 
field measurements of forest characteristics. The projected fire behavior 
in FlamMap using the LAVO data set was more similar to observed 
wildfire effects than when LANDFIRE data was used (Pierce et al., 2012). 
There is some evidence that fire modeling systems such as FlamMap may 
under-predict potential for crown fire behavior in coniferous forests in 
the western USA (Cruz and Alexander, 2010). 

Third, fire behavior models generally do not incorporate larger 
diameter (1000 h) surface fuels into fire behavior estimates. Accumu-
lations of large woody fuels can have a significant effect on fire intensity 

Table 3 
Change in mean fire-line intensity, FLI, (kW*m− 1) by topographic position unit 
resulting from a shift from pre-exclusion to current canopy fuels and the indi-
cated change in surface fuel load where low = fuel model TL1, moderate = fuel 
model TL8, high = fuel model TU5 under percentile (80,90, and 99%), and 
actual Huffer and Reading fire weather conditions in Lassen Volcanic National 
Park, CA. Steep >30%, Gentle <30% Slope, Bot = Bottoms.  

Surface Fuel Load Change  Mean Change in FLI (kW*m− 1) (SE) 

Topo, Unit Percentile Weather Actual Weather 

Low to Moderate Ridge 294 (8.1) 370 (10.0) 
NE Steep 223 (5.0) 289 (6.2) 
SW Steep 291 (6.9) 383 (9.8) 
NE Gentle 83 (0.1) 128 (0.1) 
SW Gentle 88 (0.1) 141 (0.1) 
Valley 152 (1.9) 203 (2.6) 

Moderate to High Ridge 1105 (16.3) 1593 (22.4) 
NE Steep 914 (11.6) 1191 (16.3) 
SW Steep 1203 (15.8) 1781 (23.9) 
NE Gentle 437 (0.2) 664 (0.3) 
SW Gentle 468 (0.3) 726 (0.3) 
Valley Bot 691 (4.5) 1009 (6.7) 

Low to High Ridge 1189 (16.3) 1862 (23.9) 
NE Steep 971 (11.3) 1424 (16.9) 
SW Steep 1338 (15.6) 2095 (25.0) 
NE Gentle 491 (0.2) 844 (0.3) 
SW Gentle 538 (0.3) 916 (0.4) 
Valley Bot 770 (4.5) 1231 (6.9)  

Table 4 
Forested topographic units in Lassen Volcanic National Park, CA with proportion 
of pre-exclusion (Pre) and contemporary (Cont) forest with potential passive 
crown fire and mean (range) % crown fire with the year 2000 surface fuel loads. 
Steep >30%, Gentle <30% Slope, Bot = Bottoms.  

Topo. Position Proportion of forest % Proportion 
w/crown 
fire 
potential 
(%) 

Mean (range) crown 
fire potential (%) 

Pre Cont Pre Cont 

Ridge 11 20 100 6 (6–6) 24 (1–99) 
NE Steep 5 17 33 2 (2–2) 62 (1–100) 
SW Steep 5 0 43 0 80 (1–100) 
NE Gentle 35 0 19 0 97 (91–100) 
SW Gentle 28 0 26 0 87 (1–100) 
Valley Bot 16 19 32 2 (2–2) 78 (5–100)  

Forest total 6 34    
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and resulting severity (Stephens et al., 2018). Incorporating these fuels 
into modeling systems could influence the results, and, for example, 
diminish some of the decrease in FLI observed on gentle slope and val-
leys with higher fuel loads. 

Lastly, while FlamMap is useful for estimating how different stands 
in a landscape would burn and describing potential patterns of intensity, 
it does not model how various fires would likely spread through the 
landscape as does, for example, FarSite (Finney, 1998). Fire spread 
simulations may be valuable in developing long-term management 
strategies to target fuel reduction in locations with the greatest effects on 
reducing the potential for large high-intensity fires. 

5.4. Management implications 

The growing futility of efforts to minimize fire extent in California 
and other semi-arid forests across the globe is becoming clear. Calls for a 
paradigm shift to focus instead on managing fuels and fire severity are 
growing (Moreira et al., 2020; North et al., 2015; Stephens et al., 2020). 
Classifying forest structure in terms of crown fire potential can help 
define fuel transition points in different forest types. A greater sensitivity 
of steep slopes and ridgetops to increased fuels and more severe fire 
effects has been noted in ecosystems beyond LAVO including in SE 
Australia’s sclerophyll forests (Bradstock et al., 2010) and northern 
Spain’s Pinus halepensis forests (Ruiz-González and Álvarez-González, 
2011). This suggests there may be an overall greater sensitivity of these 
topographic positions to fuel accumulation caused by fire free periods 
much longer than HRV. 

Our findings in LAVO show the greatest increase in FLI and crown 
type fire behavior were concentrated in the northern and southern-most 
portions of the park. In these areas, where fuel increases on ridges and 

steep slopes approach TPC, applying prescribed fire or using wildfires 
burning under moderate conditions (i.e., Estes et al., 2017) to consume 
fuels would reduce landscape fire hazard. Our modeling shows that 
ridges and steep slopes reach TPC with surface fuels represented by fuel 
models TU5 to TL8. Targeting ridges and steep slopes, and even gentle 
slopes and valley bottoms that reach TU5 to TL8, would reduce potential 
crown type fire behavior across the landscape and reduce fuels and fire 
behavior towards HRV. A focus on fuel reduction in locations prone to 
crown fire would greatly enhance the treatment effectiveness by also 
decreasing the probability of spotting which strongly influences fire 
spread rate (Cochrane et al., 2012). Feathering treatments at boundaries 
between terrain units could also promote development of landscape 
compartments with similar fire regimes (i.e. frequency, severity) that 
can be offset in time reducing potential of landscape fire spread that has 
been observed in some pre-fire exclusion landscapes (Taylor and 
Skinner, 2003). 

Management effectiveness in the long term will require periodic 
retreatment with fire to consume fuels as they accumulate and maintain 
lower FLI and potential for crown fire behavior. The longevity of the 
effectiveness of fuel reduction against crown fire potential is quite var-
iable across ecosystems, ranging from decades in fire-prone forests in the 
western USA (Pawlikowski et al., 2019) to under five years in SE 
Australia schlerophyll forests (Bradstock et al., 2010). Our modeling 
suggests that fuel thresholds for achieving desirable reduction in fire 
behavior do not have to be as low as historical fuel loads for surface fire 
to remain predominant across LAVO. In our simulations, crown fire 
appeared on the landscape between fuel loads TL3 to TL4. Others have 
shown fire behavior reduction may be achieved with modest fuel de-
creases (Schmidt et al., 2008). 

Fig. 5. Percentage of passive crown fire predicted for actual fire weather conditions with current (year 2000) surface fuel loads in Lassen Volcanic National Park, CA 
and A. pre-exclusion or B. contemporary canopy fuel estimates. C. locations in black where passive crown fire was not predicted for pre-exclusion but possible under 
contemporary conditions D. Percent change in fire-line intensity from pre-exclusion to contemporary canopy fuel scenarios. 
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6. Conclusions 

This study advances understanding of how topography and fuels 
interact to cause changes in potential fire behavior with fire exclusion. 
As fuels accumulate, historical topography-fuel feedbacks diminish, and 
fire behavior becomes more driven by fuels and weather. Moreover, fire 
weather during recent wildfires created more extreme modeled fire 
behavior than percentile conditions suggesting higher potential for large 
areas of crown type fire behavior and long-term vegetation changes 
caused by severe fire effects. Equivalent fuel loads exhibited different 
fire behavior depending on topographic characteristics. Fire behavior 
was more extreme on steep slopes and ridges compared to gentle slopes 
and valleys, particularly as fuels increased to intermediate loads. Our 
study demonstrates the value to landscape management strategies of 
identifying fuel TPCs by topographic units. This can help prioritize use 
of limited resources before or during the next wildfire to achieve 
maximum effect. 
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