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Abstract

Although natural disturbances such as wildfire, extreme weather events, and insect outbreaks play a key role in structuring
ecosystems and watersheds worldwide, climate change has intensified many disturbance regimes, which can have compounding
negative effects on ecosystem processes and services. Recent studies have highlighted the need to understand whether wildfire
increases or decreases after large-scale beetle outbreaks. However, observational studies have produced mixed results. To
address this, we applied a coupled ecohydrological-fire regime-beetle effects model (RHESSys-WMFire-Beetle) in a semiarid
watershed in the western US. We found that surface fire probability and fire size decreased in the red phase (0-5 years post-
outbreak), increased in the gray phase (6-15 years post-outbreak), and depended on mortality level in the old phase (one to
several decades post-outbreak). In the gray and old phases, surface fire size and probability did not respond to low levels of
beetle-caused mortality (<=20%), increased during medium levels of mortality (>20% and <=50%), and remained elevated
but did not change with mortality (during the gray phase) or decreased (during the old phase) when mortality was high
(>50%). Wildfire responses also depended on fire regime. In fuel-limited locations, fire typically increased with increasing
fuel loads, whereas in fuel-abundant (flammability-limited) systems, fire sometimes decreased due to decreases in fuel aridity.
This modeling framework can improve our understanding of the mechanisms driving wildfire responses and aid managers in

predicting when and where fire hazards will increase.
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Abstract

Although natural disturbances such as wildfire, extreme weather events, and insect
outbreaks play a key role in structuring ecosystems and watersheds worldwide, climate change
has intensified many disturbance regimes, which can have compounding negative effects on
ecosystem processes and services. Recent studies have highlighted the need to understand
whether wildfire increases or decreases after large-scale beetle outbreaks. However,
observational studies have produced mixed results. To address this, we applied a coupled
ecohydrologic-fire regime-beetle effects model (RHESSys-WMFire-Beetle) in a semiarid
watershed in the western US. We found that surface fire probability and fire size decreased in the
red phase (0-5 years post-outbreak), increased in the gray phase (6-15 years post-outbreak), and
depended on mortality level in the old phase (one to several decades post-outbreak). In the gray
and old phases, surface fire size and probability did not respond to low levels of beetle-caused
mortality (<=20%), increased during medium levels of mortality (>20% and <=50%), and
remained elevated but did not change with mortality (during the gray phase) or decreased (during
the old phase) when mortality was high (>50%). Wildfire responses also depended on fire
regime. In fuel-limited locations, fire typically increased with increasing fuel loads, whereas in
fuel-abundant (flammability-limited) systems, fire sometimes decreased due to decreases in fuel
aridity. This modeling framework can improve our understanding of the mechanisms driving

wildfire responses and aid managers in predicting when and where fire hazards will increase.

Plain Language Summary
Bark beetle outbreaks have impacted millions of hectares of forest in western North
America. Beetle-caused tree mortality can increase or decrease wildfire hazards by altering

surface fuel loading and decreasing leaf moisture. Previous studies have observed increases in
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fire following beetle attacks. However, others have found no change or decrease. Such
discrepancies can result from several interacting factors, such as how much time has passed since
an outbreak, the level of tree mortality, and pre-outbreak fuel conditions. To examine how these
factors influence fire regimes in a semiarid watershed, we used a model that simulates
interactions among hydrology, vegetation, beetle effects, and fire. We found that in the first 5
years after attack, fire probability decreased due to decreases in plant productivity and fuel
loading. Following that, fire responses were a function of two counteracting forces: increases in
fuel loading from delayed needle- and snag-fall and decreases in fuel aridity from reduced plant
water demand. The dominant force depended on fuel conditions. In fuel-limited locations, fire
increased with increasing fuel loads, whereas in fuel-abundant locations, fire sometimes
decreased due to decreases in aridity. This research provides a tool for managers to better predict

when and where fire hazards will increase.

Key Points:

e In five years after beetle outbreaks, fire probability decreased due to reduced vegetation
productivity and fuel loading compared to no outbreak scenario.

e In six to fifteen years after outbreak, fire probability increased due to more fuel loading
from snag fall.

e Fifteen years after outbreak, fire probability can decrease due to lower fuel aridity when

mortality level was larger than 50%.

Key Words: fire regime, beetle outbreaks, fuel loads, fuel aridity, fire severity
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1 Introduction

Bark beetle outbreaks and wildfire are significant agents of change in North American
forests (Hicke et al., 2012, 2016). In recent decades, these compounding disturbances have
increased significantly and affected millions of hectares of forest (Hicke et al., 2016; Littell et
al., 2009; Raffa et al., 2008; Seidl et al., 2020). While climate change is expected to continue to
increase the severity and frequency of these disturbances, it is less clear how they will interact
with one another (Bennett et al., 2018). Bark beetle outbreaks can change fuel conditions and
corresponding wildfire characteristics by altering ecohydrological processes and forest fuel
structure (Goeking & Tarboton, 2020; Wayman & Safford, 2021). However, the direction of
ecohydrological responses to beetle outbreaks can vary over space and time within watersheds
(Ren et al., 2021), which can in turn influence fuel loading, fuel moisture, and fire regimes.
Therefore, understanding and managing fire risk in landscapes that are prone to these
compounding disturbances requires understanding how fuel conditions changes over space and

time.

There are three phases of tree response to beetle outbreaks: the red phase, gray phase, and
old phase. The “red phase” occurs 0-5 years after beetle outbreak, during which foliar moisture
content decreases and some conifer species’ needles turn red (Hicke et al., 2012; Jolly, Parsons,
Hadlow, et al., 2012). The “gray phase” occurs 6-15 years after beetle outbreak, when dead
foliage falls to the ground but snags remain standing (Halofsky et al., 2020). The “old phase”
occurs one or more decades after beetle outbreak, when snags fall to ground and the understory
vegetation cover increases (Hicke et al., 2012; Mitchell & Preisler, 1998). While, classifying

these discrete phases is helpful for understanding post-outbreak processes, their length can vary
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among tree species, and because beetles can attack trees for multiple years, a mix of different

phases can occur in a single stand (Hicke et al., 2012).

Like other ecohydrological processes, fuel conditions and wildfire respond differently to
the three phases of beetle outbreak. Hicke et al., (2012) developed a conceptual framework that
describes how beetle-caused tree mortality affects wildfire behavior (Figure 1). During the red
phase, dead foliage is still in the canopy, thus dead surface fuels remain unchanged, but canopy
foliage gets dries out, becoming more flammable. Consequently, surface fire hazard (e.g., the
probability of fire and fire severity) remains unchanged but crown fire potential increases. In the
gray phase, needle fall increases dead surface fuel loading and reduces canopy bulk density. As a
result, surface fire hazard and severity increase but crown fire potential decreases. In the old
phase, as dead snags fall to the ground and understory vegetation cover increases, surface fire
hazard and severity remains elevated, while crown fire potential may further decrease with

decreasing canopy bulk density.
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Figure 1. Conceptual framework of wildfire responses to beetle outbreaks adapted from Hicke et
al. (2012). A summary of mechanisms is described in Table S1.

While the conceptual framework outlined above is useful for understanding temporal
wildfire responses to beetle outbreaks, several uncertainties still remain (Halofsky et al., 2020;
Hicke et al., 2012). For example, in the gray and old phases, many studies have documented a
decrease or no change of fire probability and fire severity (Ager et al., 2007; Bebi et al., 2003;
Berg et al., 2006; Lundquist, 2007; Lynch et al., 2006; Meigs et al., 2016), while others have
found them to increase (Bigler et al., 2005; Halofsky et al., 2020; Wayman & Safford, 2021).
Decreases in fire severity may occur because there is less live vegetation after beetle outbreak
(Meigs et al., 2016), but this relationship may be complicated by other factors, such as fire
weather, local fuel gradients, mixed beetle-caused mortality, and difficulties in sampling (Ager et
al., 2007; Berg et al., 2006; Hicke et al., 2012; Lundquist, 2007). Based on field observation in

mixed-conifer forest in California, Wayman & Safford, (2021) found fire severity increased
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when the level of beetle-caused mortality was below 40%, while fire severity stopped increasing

at higher levels of mortality.

Because the factors influencing wildfire responses to beetle outbreaks can interact in
complex ways, it is difficult to characterize mechanistic relationships among them using
observational studies and/or controlled experiments, which are often constrained by data
limitations and difficulty in controlling the confounding variables that occur in the field (Hicke et
al., 2012). Simulation models can enable controlled experiments that help us to characterize how
fuels and fire behavior vary in response to a range of outbreak severities (i.e., beetle-caused tree
mortality; Ren et al., 2022) and site-specific environmental conditions during different phases of

beetle outbreaks (Bond et al., 2009; Hicke et al., 2012; McCarley et al., 2017).

The overarching objective of this paper is to understand how fuels and wildfire regimes
respond to beetle-caused tree mortality across a range of environmental conditions and post-

outbreak time periods. Specifically, we asked the following questions:

1. How do wildfire regimes (surface fire size and probability, and surface and crown fire
severity) respond to beetle outbreaks during different phases of outbreak (i.e., the red
phase, gray phase, and old phase)?

2. How does the percentage of beetle-caused tree mortality influence post-outbreak wildfire
regimes?

3. How do pre-outbreak fuel conditions (i.e., fuel loading and fuel aridity) affect wildfire

regimes after beetle outbreaks?
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2 Methods
2.1 Study area

Trail Creek is a 167-km? sub-catchment of the Big Wood River basin, located in Blaine
County (Idaho, US) between the Salmon-Challis National Forest and Sawtooth National Forest
(43.44°N, 114.19°W; Figure 2). Trail Creek experiences cold, wet winters and warm, dry
summers. The mean annual precipitation is around 900 mm, of which 60% falls as snow
(Frenzel, 1989). Trail Creek has a strong elevation gradient, ranging from 1760 to 3478 m, which
also coincides with gradients in aridity and vegetation cover. Lower to middle elevations are arid
and covered by sagebrush, riparian species, and grass; middle to higher elevations are relatively
humid and are covered by Douglas-fir (Pseudotsuga menziesii), lodgepole pine (Pinus contorta
varlatifolia), subalpine fir (4bies lasiocarpa), and mixed shrub and herbaceous vegetation
(Buhidar, 2001). There are no records of large wildfires (> 400 hectares) occurring in Trail Creek
over the last 40 years (MTBS, Eidenshink et al., 2007). According to LANDFIRE, Trail Creek
has distinct fire regimes in the northern (high elevation) and the southern (low elevation)
portions of the watershed. The northern part of the basin is flammability limited with an
approximate 200-year FRI (Table 1; Rollins, 2009) and the southern part of the basin is fuel-
limited, with a 35-year fire return interval (FRI);. Some transitional areas experience a mixed
severity fire regime with 35 to 200-year FRIs. An aridity gradient, defined as the ratio of average
annual potential evapotranspiration (PET) to average annual precipitation (P) over a 38-year

period (1980-2018), generally overlaps with these fire regime groups (Figure 2a, Table 1).

Table 1. Fire regime groups (Rollins, 2009) and corresponding characteristics for Figure 2.

Fire Regime Group Fire Characteristics

Fire Regime Group I <= 35-year Fire Return Interval (FRI), low and mixed severity




Fire Regime Group III 35 to 200-year FRI, low and mixed severity

Fire Regime Group IV > 200-year FRI, any severity
155
N (a)
@ SNOTEL station (b) ¥ Beetle caused mortality
A Gauge station
I Very low
T Low
[C1Medium
EE High
Aridity index
[JBalanced
F~water-limited Cumulative 2003-2012
Vegetation type
Il Evergreen
[ Deciduous
[ IGrass
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Il Fire Regime Group IV
0 15 3 6 9 12
Kilometers
156

157  Figure 2. Study site — Trail Creek located in Idaho, US, is a sub-catchment of the Big Wood
158  River basin. Panel (a) shows fire regimes based on LANDFIRE (Rollins, 2009). The outlined
159  diamond grids and diagonal stripes show different zones according to an aridity index (i.e.,
160  annual mean potential evapotranspiration (PET)/precipitation (P)) calculated from historical
161  38-year meteorological data: PET/P>2 is water-limited, PET/P<0.8 is energy-limited, PET/P
162 between 0.8 and 2 is balanced. Panel (b) shows beetle caused tree mortality from 2003 to 2012
163 (Meddens et al., 2012) overlapped with topography (elevations range from 1760 to 3478m.

164  Panel (c) shows land cover map (Dewitz, 2019).

165

166 2.2 Model descriptions

167  2.2.1 Ecohydrological model
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We used a coupled ecohydrologic-fire regime-beetle effects model (RHESSys-WMFire-
Beetle) to understand the effect of beetle-caused mortality on fire regimes. This framework
couples the Regional Hydro-ecologic Simulation System (RHESSys) with models for fire spread
(WMFire; Kennedy et al., 2017), fire effects (Bart et al., 2020), and beetle effects (Ren et al.,
2021). RHESSys is a distributed, process-based land surface model that simulates how climate
and land use changes influence biogeochemical cycling and hydrology (Tague & Band, 2004). It
has been widely tested and applied in mountainous watersheds across the Pacific Northwest,
western North America, and globally (e.g., Garcia & Tague, 2015; Hanan et al., 2017, 2018,
2021; Lin et al., 2019; Ren et al., 2021; Son & Tague, 2019; Tague & Peng, 2013). A more
detailed description of the RHESSys model can be found in Text S1 in the supplementary

material and papers by Garcia et al., 2016; Tague & Band, 2004; Tague et al., 2013).

2.2.2 Fire spread and fire effect models

WNMFire is a stochastic fire spread model coupled with RHESSys (Kennedy et al., 2017).
The coupled model has previously been tested and applied in the Western US and can reproduce
expected fire regimes (Hanan et al., 2021; Kennedy et al., 2017, 2021; Ren et al., 2022). It
calculates the probability of fire spread (Ps) over time and space based on dead surface fuel
loading (i.e., litter carbon), fuel aridity (i.e., relative deficit; 1 — evapotranspiration/PET), wind
speed and direction, and topographic slope, which are outputs from RHESSys. WMFire then
produces maps of Ps over randomized ignitions and stochastic spread to produce fire size
distributions over time. A fire effects model connects fire spread to fire severity, which in turn
modifies RHESSys litter and vegetation state variables (Bart et al., 2020). Fire effects include
vegetation mortality and consumption of vegetation, litter, and coarse woody debris (CWD).

Crown fire severity is simulated as a function of surface fuels and understory consumed and

10
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canopy height structure. Consequently, these simulated fire effects can influence the post fire
hydrologic and biogeochemical fluxes and their interactions with vegetation and fuel recovery
(Hanan et al., 2021). WMFire is a stochastic model and requires approximately 200 replicate

simulations to simulate a representative fire regime (Kennedy, 2019).

2.2.4 Beetle effects model

Ren et al., (2021) also coupled a beetle effects model with RHESSys-WMFire (modified
from (Edburg et al., 2011). This model includes a dead foliage pool (i.e., red needles that remain
on trees) and a snag pool (i.e., standing dead tree stems) as additional carbon (C) and nitrogen
(N) stores in RHESSys. After beetle-kill, leaf C and N are immediately moved from the leaf into
the dead foliage pools and they remains on the canopy for one or more years, per user input (here
we used 1 year; Edburg et al., 2011; Meddens et al., 2012). After a year, dead foliage C and N
are transferred from the canopy to litter C and N stores using an exponential decay rate (we
prescribe a half-life of two years). Similarly, stem C and N remain in the snag pool for several
years (here we prescribe five years) and are then transferred into a CWD pool with an
exponential decay rate (here we prescribe a half-life of ten years from snag pool to CWD). In the
beetle effects model, we calculate two Leaf Area Indices (LAIs): Total LAI includes both the
dead foliage and live leaves in the canopy; while Live LAI only includes the live leaves. Total
LAI can affect how the canopy intercepts precipitation and radiation (Ren et al., 2021). The
overstory canopy height is calculated as a function of both live stem C and snag C. In this study,
we assume same beetle—caused mortality level for all evergreen patches across a landscape.
Also, when fire spreads from the ground to the overstory canopy, it consumes the same fractions

of snags and dead foliage as stems and live leaves.

11
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2.3 Input data

We used US Geologic Survey National Elevation Dataset (NED, Gesch et al., 2018) to
calculate slope and aspect across Trail Creek, and then delineate basin and sub-basin boundaries
using the GRASS GIS tool r.watershed. We aggregated topographic data to generate patches
with a resolution of 100-m. We used vegetation cover categories (including evergreen,
deciduous, shrub, grass, and unvegetated; i.e., bare ground or urban) from the National Land
Cover Database (NLCD 2016; Dewitz, 2019) and soil texture (i.e., sandy loam and loam) from
the spatially continuous probability soils map (POLARIS, Chaney et al., 2016). In total, our
model setup included 72 sub-basins and 16,705 patches, of which, 49.6% were evergreen, 24.9%

were shrub, 22.1% were grass, 0.3% were deciduous, and 3.1% were not vegetated.

We acquired meteorological inputs, including maximum and minimum temperatures,
precipitation, relative humidity, radiation, and wind speed, from high-resolution (1/24™ degree or
~4-km) gridMET datasets for the years 1979-2017 (Abatzoglou, 2013). Then, to extend the
gridMET record back for the years 1900 to 1978, we used ERA-20C daily reanalysis data
(spanning 1900 — 2010), which is interpolated to match the gridMET resolution (Poli et al.,
2016). The resulting daily data (1900 — 1978) was bias corrected to match the gridMET for each
month based on the overlapping period for the two datasets (1979 -2010) as described per
(Hanan et al., 2021). We further bias corrected the 1900 — 1978 data with PRISM (Daly et al.,

1994).

2.4 Simulation experiments
To examine how beetle-caused tree mortality affects fire regimes (specifically fire size,
burn probability and fire severity), we ran a series of model simulations spanning the years 1910-

1990 using the coupled RHESSys-WMFire and beetle effects model. In each scenario, we

12



236

237

238

239

240

241

242

243

244

245

246

247
248

249

prescribed different mortality levels on September 1 1915 and then simulated 75 years following

the outbreak. Consequently, the simulation period captured three phases after beetle outbreak,

but ends prior to significant 21% century climate change effects on fuel conditions (Hanan et al.,

2022; Tang & Riley, 2020). We defined the pre-outbreak phase as the period before beetle

outbreaks (1910 — 1914), the red phase as 0-5 years post-outbreak (1915 — 1920), the gray phase

as 6-15 years post-outbreak (1921 — 1930), and old phase as 16-75 years post-outbreak (1931-

1990).

We prescribed 9 beetle-caused mortality levels ranging from 10% to 90% C removal (in

10% increments) and applied each level uniformly to all evergreen patches (Figure 2c). We also

included a no-mortality scenario as a control run, resulting in 10 total fire “on” scenarios (Table

2).

Table 2. Description of simulation scenarios. The beetle-caused mortality scenarios were for
increments of 10% between 10% and 90% mortality.

(10% - 90%)

scenarios Beetle effects | Fire spread and Number of
model effects model simulations
Control
. . outbreak)
Fire scenarios
Mortality on on 200 for each
(10% - 90%) mortality level
Control
(no beetle off off 1
No-fire outbreak)
scenarios -
Mortality One for each
on off

mortality level

13
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The modeled differences in fire characteristics between mortality scenarios and the
control run represent the fire responses to beetle outbreaks. To better understand the fire severity
responses to beetle outbreak, we also ran an additional 10 fire “off” scenarios (i.e., one for each
mortality level) and examined the differences in C pool between the fire and no fire scenarios.
We considered surface and crown fire severity to be the net C loss caused by fire in the litter and

overstory pools, respectively.

We used mean fire size and burn probability (Poum) as key metrics of fire regime
responses. The mean fire size was calculated as the mean number of patches burned per fire. For

each 100-m patch, the Pyum of surface fire was calculated as:

number of time burned acr all simulations

= Equation 1
Pburn number of simulation years*xnumber of simulations q

To compare our simulation results with literature, we selected a set of model outputs as
surrogates for fuel and fire characteristics (Table 3). We used litter C and overstory leaf C to
represent dead surface fuel and canopy fuel dynamics, respectively. For fire characteristics, we
focused on the probability of surface fire occurrence (represented as Pyum), surface fire severity
(represented as litter C lost), and crown fire severity (represented as canopy C lost). Because
WMFire only simulates fire starts at the surface, we did not include the probability of crown fire

occurrence in our analysis.

Table 3. Definitions of fuel and fire characteristics potentially affected by bark beetle-caused
tree mortality (Modified from (Hicke et al., 2012). The model output column is the corresponding
model output for different fuel and fire characteristics examined in the result section.

Category | Characteristics Model output Definition
Canopy Canopy fuel Overstory leaf C Mass of fuel in canopy
fuels loads

14
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Dead Fine fuel loads Litter C Litter; dead surface fuels <1’’ in
surface diameter
fuels
Fire Probability of Burn probability Probability that fire occurs
surface fire (Pbum)
occurrence
Surface fire Net litter C loss Effects of fire on ecosystem
severity properties (changes in surface
fine fuel loading)
Crown fire Overstory tree canopy Effects of fire on ecosystem
severity leaf C loss properties (changes in canopy
fuel loading)
3 Results

3.1. Basin-scale vegetation and fuel responses to beetle-caused tree mortality in the absence of
fire

During the red phase (1915 — 1920), more than 50% of dead foliage fell to the ground
and snags remained standing as prescribed by the beetle effects model (Figure 3, e&f). However,
litter C remained lower than in the control run because beetle kill reduced plant productivity and
litter accumulation, and a large portion of carbon remained locked up in the dead foliage and
snag pools in the first few years after beetle outbreak. The live leaf area index (Live LAI) was
smaller in the mortality than in the control (no-mortality) simulations but exhibited a faster
recovery rate than the control run in the first five years after beetle outbreak (Figure 3a). Fuel
aridity decreased compared to the control run, due to lower Live LAI in all beetle-caused
mortality scenarios (low Live LAI reduced PET, thereby reducing fuel water deficit; Figure 3c¢).
Unlike Live LAI, Total LAI (which includes live leaves and dead canopy foliage) increased in
the red phase because beetle-caused mortality increased growth in surviving trees and understory

plants, while dead foliage also remained in the canopy (Figure 35).
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In the gray phase (1921-1930), snags started falling to the ground and no dead foliage
remained on the canopy (Figure 3 e&f). The dead surface fuel load (i.e., the litter) was higher in
the nine beetle-caused mortality scenarios than in the control run and increased with outbreak
severity (Figure 3d). Fuel aridity did not differ between the mortality scenarios and the control
run because differences in live LAI were much smaller between mortality scenarios and control

run (Figure 3 a&c).

In the old phase (1931-1990), all snags fell to the ground as coarse woody debris and
vegetation slowly recovered. The modelled litter C peaked around 25 years after beetle outbreak
(i.e., in 1940) due to snag fall and CWD decay (Figure 3d). At the end of the old phase, there
was no more litter than in the control run and the live LAI also caught up the control run (Figure
3 a&d). During the last ten years of the old phase (1980-1990), fuel aridity also caught up with

the control run as Live LAI recovered back to the level present in the control run (Figure 3 a&c).

16
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298

299  Figure 3. Basin-scale vegetation responses to beetle outbreaks. The background color

300 corresponds to the 4 phases of beetle outbreaks: pre-outbreak (before 1915), red (1915-1920),
301 gray (1921-1930), and old (1931-1990) phases. Fuel load is represented as litter C pool from the
302  model, fuel aridity is calculated as 1 — ET /PET, ET is evapotranspiration.

303 3.2 Fire size characteristics

304 Fire size responded differently in each outbreak phase. In the red phase, fire size

305  decreased or did not change (Figure 4). At low beetle-caused mortality (<=20%), there were no
306 obvious changes in the distribution of fire sizes compared to the control run. At medium to high
307  beetle-caused mortality (>20%), fire size decreased with increasing mortality (Figure 4). This

308  was mainly due to decreases in fuel loading caused by reduced tree productivity (Figure 3d).
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In the gray phase, fire size generally increased except under low mortality scenarios
(<=20%) which exhibited a slight decrease (Figure 4, gray phase). Fire size increased with
mortality but reached a plateau at a 50% mortality. Above 50% mortality, the median fire size
remained elevated and the occurrence of large fires increased (i.e., the distribution shifted to
have a longer tail towards larger fires). In a fuel-limited system, increasing fuel loading can lead
to larger fires. However, once fuel loads are no longer limiting, fire size will stop responding to
increasing fuel loading and will instead respond more to changes in fuel aridity (Figure S2). In
higher mortality scenarios (>50%), we found that fuel aridity did not differ from the control run

during the gray phase, nor did fire size (Figure 3c).

In the old phase, fire size exhibited a non-monotonic response to beetle-caused mortality
(Figure 4). Under low mortality (<=20%), fire size was smaller or similar to the control run.
Medium mortality (>20% and <=50%) increased fire size relative to the control run, and the
magnitude increased with greater mortality. Under high mortality (>50%), fire size generally
decreased, and the magnitude was similar among different mortality scenarios. This variability
occurred because increases in fuel loading from snag- and needle- fall and decreases in fuel
aridity from reduced plant water demand had competing effects and the dominant effects differed
among different levels of mortality, which will be explained in section 4.1. The Pyum response to
mortality levels during the three phases were similar to fire size responses with some spatial

variations (see Text S3 in supplementary material for details).
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Figure 4. Distribution of mean fire sizes (number of patches burned) for each phase.
Distributions come from 200 replicate simulations for each scenario. Box plots show 25th,
median, 75th percentile for mean fire size, the red line is the median value for the control run,
and the black line connects the median for each scenario. Low beetle-caused mortality is 10 —
20%, medium mortality is 20-50%, and high mortality is > 50%.

3.3 Fire severity
Surface fire severity responded differently during different outbreak phases (Figure 5). In
the red phase, for the control run (i.e., the no outbreak scenario), surface fire severity was driven

by single large fire events (Figure S4, 1917 fire). Following low and medium beetle-caused
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346
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351

mortality (<=50%), fire severity decreased slightly compared to the control (no beetle outbreak)
scenario, but the decreases did not change with mortality level (Figure 5). Following high
mortality (>50%) scenarios, fire severity decreased substantially in response to decreases in fuel
loading (Figure 3d). In the gray phase, during medium to high mortality (>=20%), fire severity
increased with increasing mortality, especially for the second half of the gray phase (Figure S4
and Figure 5) due to increases in fuel loading that were driven by dead foliage and snagfall
(Figure 3d). In the old phase, with low to medium mortality (<=50%), surface fire was more
severe and the severity increased with higher mortality (Figure 5; Figure S4, median, 95™
percentile, and maximum fire severity were all further away from the top green line; i.e., the no
fire scenario). With high mortality (>50%), fire severity reached an upper limit and stopped
increasing with higher mortality. However, in some extreme events, surface fire severity
increased with increasing mortality and could sometimes even reduce surface fuel loads back to

their pre-outbreak level (e.g., Figure 5 old phase and Figure S4 mortality 90% scenario).
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Figure 5. Distribution of surface fire severity for each phase. Distributions come from 200
simulation replicates for each scenario. Box plots show 25th, median, and 75th percentile values
for fine fuel C loss. The red line is the median value for the control run, the black line connects
the median line for each scenario. Low beetle-caused mortality is 10-20%, medium mortality is
10-50%, and high mortality is larger than 50%. Notice that the y-axis is different for different
phases to better illustrate the extreme fire severity.

Overstory leaf C (both live leaf and dead foliage) loss caused by fire can be a metric of
crown fire severity. In general, crown fire responded similarly to beetle-caused mortality as did
surface fires (Figure 6 and Figure S5). However, the timing of severe crown fires exhibited some
unique patterns (Figure 6). First, the increases in crown fire severity were more evident after

around 25 years post-outbreak (i.e., after 1940; Figure 6A, illustrated by the difference between
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the dashed line and solid lines). This is around the time when fuel loading peaked, and canopy
height was low (Figure 3d and Figure S6). This occurred because snagfall and increasing litter
loads enabled fire to spread to the overstory more easily. Second, in high mortality scenarios,
extreme fire events consumed 60% to 70% of canopy C, which is characteristic of a high
severity/stand replacing fire regime (Figure 6B, illustrated by the decrease in the distance of the
lighter orange band from the top). In high mortality scenarios, fire can be more severe even if it

is less frequent (Figure S3).
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Figure 6. Distribution of leaf C for the 200 fire simulations and the no fire scenario (all means
include both live leaf and dead foliage killed by beetle outbreaks. The dashed line is the median
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litter state for the fire scenarios, and the solid green line is the no fire scenario. Light orange
shading shows the maximum and minimum litter C, dark orange shows the 5th and 95th
percentile litter C. The differences between the no-fire scenario (green line) and fire scenarios
(other lines) can be a surrogate for cumulative fire severity. See Figure S9 for detailed surface
fire severity results.

4 Discussion

Understanding and managing fire risk in landscapes that are vulnerable to bark beetle
outbreaks requires examining how fuel conditions changes over space and time. We examined
how the extent of mortality, pre-outbreak fuel conditions, and time since outbreak can influence
fire regimes using a novel ecohydrologic-fire regime-beetle effects model (RHESSys-WMFire-
Beetle) in a semiarid watershed in the western US. We found that fire size and probability
decreased in the red phase, increased in the gray phase, and had mixed responses in the old phase
contingent on the level of beetle-caused tree mortality. The influence of time after outbreak on
fire was a function of changes in fuel loading and fuel aridity that emerged from vegetation
growth dynamics, snagfall, and litterfall from dead foliage. There was a complex non-linear
relationship between the extent of mortality and fire responses. There were also no significant
differences in surface fire probability following low mortality (<=20%), and fire probability

leveled off or started decreasing following high mortality (>50%).

4.1 Effects of pre-outbreak fuel conditions on wildfire responses

Fuel loading and fuel aridity can compound or counteract one another to drive fire
regimes. In locations that were fuel-limited prior to outbreak, fire probability increased in
response to increasing fuel loading from beetle-caused tree mortality (Figure 7a). However, areas
that were less fuel-limited, increases in fuel loading and decreases in fuel aridity had opposite
effects on Prum and whether there was a net increase or decrease depended on the phase of

outbreak. For example, once there was enough fuel from snagfall in the old phase, Pyum only
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responded to changes in fuel aridity, and fire regimes shifted from fuel-limited to flammability-
limited. However, fuel aridity changes were relatively small and slow compares to changes in
fuel loading (Figure 7b). Similarly, Kaufmann et al., (2008) found changes in fuel aridity after
beetle outbreaks play an important role in driving fire hazard. Beetle-caused mortality can
increase fuel loading in semiarid systems, thus shifting fire regimes from fuel-limited to

flammability-limited (e.g., in the old phase).

Old phase: burn probability responds to changes of fuel conditions
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Figure 7. The response of burn probability to fuel load and its relative change and the relative
change in fuel aridity during the old phase in the evergreen forest-dominated area (the changes
are calculated as outbreak scenario minus control scenario). We merged all beetle outbreak
scenarios together and bin the data at every 5% or 0.05 kg C/m°. Bins with less than 100
samples are removed. The change in burn probability of each bin is the median value. The black
line divides the fuel aridity into “increases” and “decreases’ zone, respectively.

4.2 The effects of tree mortality level on fire responses
The extent of beetle-caused mortality played an important role in post-outbreak fire
responses, although mortality effects varied among phases. Mortality level affects fuel loading

and fuel aridity by altering vegetation productivity and turnover, increasing dead fuels, and
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transforming canopy structure. We found that surface fire probability and severity only
responded to beetle outbreaks when mortality was higher than 20% and stopped increasing at
around 50%. Similarly, based on field observations in mixed-conifer forests in the Sierra
Nevada, Wayman and Safford (2021) reported that fire severity increased most substantially
when beetle-caused mortality surpassed 15% and was below 30-40%. In this study, fire severity
may have stopped increasing with mortality above 50% because plant water demand decreased,
leading to decreases in fuel aridity. Although we also found an upper limit (~50%) where median
fire probability and fire severity no longer increased with increasing mortality, the occurrence of
extremely severe fires may continue to increase in some cases (e.g., Figure S4, old phase). These
findings highlight the utility of modeling studies that can capture full range of possible fire
responses (including extreme fires) to beetle outbreaks, while field studies are limited by the

number of observations.

We also found that fire size and fire probability responses to beetle-caused mortality also
varied in each post outbreak phase. There was a negative relationship between them in the red
phase (i.e., higher mortality reduced fire size and probability), a positive relationship with a
plateau in the gray phase, but mixed responses in the old phase. The negative relationships in
both the red phase and the old phase occurred for different reasons. In the red phase, decreases in
fire probability that occurred with increasing mortality were caused by reductions in fuel loading.
In the old phase, when mortality was above 50%, fire probability decreased with increasing
mortality in locations that were not limited by fuel loading but by fuel aridity. Like the
mechanisms driving decreases in fire severity, this occurred because increasing mortality in these

locations decreased fuel aridity. Such mechanisms may also explain decreases in fire activity
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observed in other flammability-limited landscapes (e.g., Bebi et al., 2003; Kulakowski et al.,

2003).

Fuel aridity changes in high mortality scenarios were important factors driving different
impacts of beetle outbreak on fire probability and fire severity. For example, fire severity and
fire probability responses were similar in the red phase, but different in the gray and old phases
(Figure 8). In the gray phase, surface fire severity increased with greater mortality even after fire
probability plateaued (Figure 8). This occurred because enough fuel was still available to burn
once fire spread to a given location. In the old phase, surface fire probability decreased following
high mortality but fire severity remained elevated. We also found that for some extreme fire
events, surface fire severity still increased with increasing mortality even when fire probability
decreased (Figure S3 & Figure S4). High mortality increased fuel moisture, which may have
limited the probability of fire, but once weather conditions were suitable for fire to spread,
increased fuel loads led to higher fuel consumption. These tradeoffs may explain some of the
contradictory findings in recent field observations. When mortality is moderate, its effects on
fuel moisture do not dominate over increases in fuel loading—thus increasing fire severity
(Harvey et al., 2014; Metz et al., 2011; Prichard & Kennedy, 2014). However, when mortality is
high, reductions in fuel aridity can reduce fire probability, leading to decreases in fire
occurrence, even though there is more fuel available to burn and under the right circumstances,
the likelihood of a severe fire may increase (Andrus et al., 2016; Kulakowski et al., 2003; Meigs

etal., 2016).

4.3 The effects beetle outbreak phases on fire responses
The effects of beetle outbreaks on fire probability and severity vary among the red, gray,

and old phases following attack. In the conceptual framework developed by Hicke et al., (2012;

26



461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

Figure 1), surface fire probability does not change in the red phase and increases in the gray and
old phases due to increases surface fuel loading. Additionally, crown fire severity is

hypothesized to increase in the red phase but decrease in the gray and old phases due to changes
in canopy fuel loading and leaf moisture. Here we refine and expand this conceptual framework

using results from our process-based modeling study (Figure 8 and Table S1).

We found that in our semiarid watershed, during the red phase, surface fire probability
and severity had opposite responses than those hypothesized by Hicke et al., (2012). For
example, their framework suggests that beetle outbreaks do not increase surface fire probability
or fire severity during the red phase because they do not substantially change dead surface fuel
loading (Figure 1; Bebi et al., 2003; Berg et al., 2006; Bond et al., 2009; Hicke et al., 2012).
However, we found that modeled surface fire probability and severity decreased during the red
phase because beetle outbreaks reduced vegetation productivity and dead foliage initially
lingered in the canopy, leading to an initial decrease in surface fuels. Our results are corroborated
by field studies that have found fire severity can decrease during the red phase in the U.S. Pacific

Northwest, due to decreases in live vegetation (Meigs et al., 2016).

Our modeling study further extends the Hicke et al., (2012) conceptual framework by
accounting for the effects of surviving vegetation on fuel accumulation during the red phase.
However, these modeling results only reflect one possible outcome because surface fuel loading
responds to both vegetation productivity and the rate of litterfall. In our model, litterfall from
dead foliage is controlled by two parameters: delay time and rate of dead foliage fall. If the delay
time is shorter and dead foliage fall is faster than typical leaf phenology in the no outbreak
scenario, litter loading may increase, thereby increasing fire probability. Furthermore, the

relatively short length of the red phase (<=5 years) and the fact that beetles can attack trees for
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multiple years (leading to a mixture of phases in a given location) increases the uncertainty

surrounding fire responses (Jolly, Parsons, Varner, et al., 2012).

In the old phase, changes in surface fuel aridity are an important factor causing
discrepancies between our model study and the conceptual framework. Although we found that
surface fire probability increased when mortality was lower than 50%, it decreased when
mortality was higher. The differences at high mortality may have occurred because the (Hicke et
al., 2012) conceptual framework only considered the effects of increases in surface fuel loading
and did not consider the possible effects of decreases in fuel aridity. We found that in high
mortality scenarios, fire probability decreased because decreases in fuel aridity dominated over
increases in fuel loading. Similarly, Kulakowski et al., (2003) reconstructed historical
disturbance data in Colorado and concluded that surface fire probability can decrease after beetle

outbreaks due to increases in fuel moisture.

We found that the largest differences between our model and the Hicke et al., (2012)
conceptual model occurred with crown fire severity. Crown fire severity is driven in large part by
changes in leaf moisture and surface fire probability, which can counteract one another. In their
conceptual framework, Hicke et al., (2012) suggested that in the red phase, crown fire severity
increases due to decreases in leaf moisture (Figure 1). However, our model did not account for
how changes in dead leaf moisture influence fire propagation to the canopy. Instead, we found

that crown fire severity decreased due to decreases in surface fire probability (Figure 8).

In the old and gray phases, Hicke et al., (2012) suggested that decreases in crown fire
severity occurred because decreases in canopy fuel dominated over increases in ground fire
probability. However, we found the opposite to be true—increases in ground fire probability and

lower overstory canopy dominated over decreases in canopy fuel, leading to a net increase in
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canopy fire severity. Similarly, Turner et al., (1999) found crown fire severity could increase
when the connection between ground and canopy fuels increased. Thus, the conceptual
framework should be expanded to consider canopy fuel structure when predicting crown fire

responses to beetle outbreaks.

Mortality <= 50%
A fuel loads increase > fuel aridity decrease
I—

f t 1
D3 s ...

—
#
IIII*

w
[
v
[
o
Q.
@
(-3 Decrease|
g
[ I , u

L] L] a8 n

- a = ™

[1] u 15} -

\ v v

The speed of dead foliage fall & Mortality > 50%

The speed of survival plants grow fuel loads increase < fuel aridity decrease >
Red phase (0-5 years) Gray phase (6-15 years) Old phase (After 15 years)
Years after beetle outbreak
. . E——
Surface fire probability f Reach plateau when mortality >50%

U

Surface fire severity ﬁ Crown fire severity

Figure 8. Revised conceptual model showing fire responses to beetle outbreaks from our
research. A summary of detailed mechanisms is described in . The dashed arrow means the fire
responses is uncertain and depend on the dominate mechanisms. In red phase, fire responses
depend on the speed of dead foliage fall and survival plants grow. In old phase, surface fire
probability changes depend on the competition between increase in fuel loading and decrease in
fuel aridity after beetle outbreaks. When mortality is smaller than 50%, increase in fuel loading
dominates over decrease in fuel aridity cause an increase in surface fire probability, and vice
versa for mortality larger than 50%.

5. Conclusion
Our research shows that the impacts of beetle outbreaks on fire probability and fire
severity are conditioned by mortality level, phase, and pre-outbreak fuel conditions. To our

knowledge, this is the first time fire regimes have been linked with beetle effects through a
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modeling approach that can account for the coupling among fire regimes, vegetation and litter
variables and how these evolve over time following beetle outbreak. Our results also highlight
the importance of how fuel loading and fuel aridity vary within watersheds. In fuel-abundant
locations, fire probability may decrease following an outbreak, while in fuel-limited locations,
fire probability can increase post-outbreak with increases in fuel loading (e.g., old phase). The
complex interactions among mortality, local conditions, and time since an outbreak make the
prediction of fire response difficult. Our novel coupled modeling framework can be applied to
different watersheds to help project fire hazard following beetle outbreaks. This can support

long-term management that aims to increase forest resilience and decrease vulnerability to fire.
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Introduction
Text Sa includes the detailed description of RHESSys model. Text S2 described the

model parameterization and calibration results. Text S3 described the results of how spatial fire
regimes respond to beetle outbreaks. Figures S1to S8 are supplementary figures to support



results and discussion. Table S1 summarizes the original and revised conceptual framework of
how fire characteristics respond to beetle outbreaks.

Text S1. RHESSys model descriptions

In RHESSys, a watershed is partitioned into a hierarchical set of spatial units: patches,
subbasins, and an entire basin. Patches are the smallest spatial unit and the scale at which
vertical hydrology and biogeochemistry are modeled. Climate forcing data are organized at the
patch level, and vary with elevation, slope, and aspect. Subbasins are closed drainage areas that
encompass both sides of a single stream reach. RHESSys uses geospatial data layers, including
a digital elevation model (DEM), soil, and landcover maps to characterize biophysical properties
across a watershed. It then simulates surface and subsurface flow between patches to generate
streamflow (Tague & Band, 2004). Each patch contains a soil and litter layer and multiple
canopy layers that include hydrologic, carbon and nutrient state variables. Vertical hydrologic
fluxes include canopy interception, throughfall, snow sublimation, snowmelt, infiltration,
capillary rise, evaporation from the soil, and litter/canopy transpiration. Vertical subsurface
drainage is modelled as a function of hydraulic conductivity, which decays exponentially with
soil depth. Lateral subsurface flow is modelled as a function of both hydraulic conductivity and
topographic differences between neighboring patches (Tague & Band, 2004).

Hydrological fluxes in RHESSys are tightly coupled with biogeochemical processes.
Photosynthesis for overstory and understory canopy layers is modelled using the Farquhar
equation (Farquhar & von Caemmerer, 1982), which is constrained by N, light, stomatal
conductance, atmospheric carbon dioxide (CO,) concentrations, and temperature. Growth
respiration is calculated as a fixed ratio of new C allocation and is constrained by N
concentrations and air temperature using a model developed by Ryan, (1991). Net
photosynthate is allocated to roots, stems, and leaves at a daily time step as a function of plant
architecture (Dickinson et al., 1998). Soil and litter decomposition are simulated at a daily time
step and are constrained by temperature, moisture, and N availability (modified from BIOME-
BGC and CENTURY-NGAS; Hanan et al., 2017; Nemani et al., 2005; Parton, 1996). A more
detailed description of the RHESSys model can be found by Garcia et al., 2016; Tague & Band,
2004; Tague et al., 2013).

Text S2. Model parameterization

We calibrated six subsurface hydrological parameters in RHESSys: saturated hydraulic
conductivity (Ksat), decay of Ket with depth (m), air-entry pressure (dae), pore size index (b),
bypass flow to deeper groundwater stores (gw.), and groundwater drainage rates to the stream
(gw.). The best parameter set was selected by comparing observed and modeled streamflow
based on the Nash-Sutcliffe efficiency metric (NSE, to evaluate the peak flow), and percent
error in annual flow (to evaluate the total flow). The monthly NSE of streamflow reached 0.94
(an NSE equal to 1 would represent a perfect match), with a percent error of 2.6% (a percent
error equal to o would represent a perfect match). A detailed description of the model
calibration is described by (Ren et al., 2021). To initialize the landscape vegetation, we ran
RHESSys-WMFire for 300 years using modified climate data that removed the anthropogenic
climate change signal (1900 — 2017, Hanan et al., 2021) and with the fire model “on”.



We used LANDFIRE maps (Rollins, 2009) to calibrate and evaluate WMFire model
performance in Trail Creek. We selected three criteria: the spatial distribution of fire spread, fire
seasonality, and fire return intervals (Hanan et al., 2021). We used simulated fire regimes from
1911 to 2017 for these evaluations. We found that the spatial pattern and seasonality of wildfire
generally matched LANDFIRE estimates, and they were not sensitive to the ignition rate
(number of ignitions per month). FRI on the other hand was sensitive to the ignition rate. We
adjusted the ignition rate based on the watershed area to make the FRI in WMFire generally
match LANDFIRE estimates. A more detailed description of WMFire validation for Trail Creek is
described by (Hanan et al., 2021).

Text S3. Spatial fire regimes

To understand how fire regime changes across different fuel aridity and fuel loading
conditions, we examined how changes in surface fire probability (Pvum) caused by beetle
outbreaks responded to pre-outbreak fuel loading and fuel aridity. During the red phase, Ppum
varied mainly in response to changes in fuel loading. Following low beetle-caused mortality
(<=20%), increases in Ppym Were driven by increases in fuel loading that occurred due to the
rapid recovery of surviving plants, which dominated over the reduced litter production caused
by evergreen tree mortality (e.g., Figure Sz, mortality 10-20%). Following medium to high
beetle-caused mortality (>20%), reduced productivity in evergreen trees dominated over
increased productivity of surviving plants, which reduced fuel loading and consequently
decreased surface fire probability, especially in arid region of the watershed (Figure S1). In the
red phase, the effects of beetle-caused mortality level on surface fire probability were similar to
the fire size responses (Figure 4).
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Figure S1. Bivariate plots showing differences in burn probability (between mortality scenarios and
the control run) as a function of fuel loading and fuel aridity during the red phase. These plots only
include evergreen patches (where beetle outbreaks occurred). Fuel loading and aridity were
calculated from the control run, not from the corresponding beetle-caused mortality scenarios.
Data are binned at o.05 increments for both fuel aridity and fuel load and the figure illustrates
median changes in surface fire probability (i.e., Purm) for each bin. Warm colors represent an
increase in surface fire probability and blue colors represent a decrease.

In the gray phase, Poum generally increased after beetle outbreaks, though the
magnitude varied with locations (Figure S2). There were two different responses for arid and
mesic locations. For relatively mesic locations, which were flammability-limited, Pym increased
slightly and was less sensitive to beetle-caused mortality because fire was mostly limited by
moisture (Figure S2, right side). For the relatively dry forest areas, Puum increased more
substantially with increasing beetle-caused mortality because these forests were co-limited by
both fuel loading and flammability, and increased fuel loading from snagfall increased Ppym
(Figure S2, left side).



Gray phase: Changes in burn probability (%)
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Figure S2. Bivariate plots showing differences in burn probability (between mortality scenarios and
the control run) as a function of fuel loading and fuel aridity during the gray phase. These plots
only include evergreen patches. Fuel loading and aridity were calculated from the control run, not
from the corresponding beetle-caused mortality scenario. Data are binned at 0.05 increments for
both fuel aridity and fuel loading, and the figure illustrates median changes in surface fire
probability (Pvum) for each bin. Warm colors represent an increase in surface fire probability and
blue colors represent a decrease.

In the old phase, Puum responded nonlinearly to beetle-caused mortality (Figure S3).
Pburn first increased at low and medium beetle-caused mortality (<=50%), then decreased at
high mortality (>50%, Figure S3). With greater mortality and more litter loading from snagfall,
the previously fuel-limited dry forest areas became flammability-limited and Ppyr decreased in
response to decreasing fuel aridity. These results suggest that after beetle outbreaks, increases
in fuel loading can counteract decreases in fuel aridity. Once fuel loading increases enough, fire
regimes shift to become flammability-limited.



Old phase: Changes in burn probability (%)
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Figure S3. Bivariate plots showing differences in burn probability (between mortality scenarios and
the control run) as a function of fuel loading and fuel aridity during the old phase. These plots only
include evergreen patches. Fuel loading and aridity were calculated from the control run, not from
the corresponding beetle-caused mortality scenario. Data are binned at 0.05 increments for both
fuel aridity and fuel load, and the figure illustrates median changes in surface fire probability (Psurn)
foreach bin. Warm colors represent an increase in surface fire probability and blue colors represent
a decrease.
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Figure Sy. distribution of litter C for the 200 fire simulations and the no fire scenario; the dashed
line is the median litter state for the fire scenarios; and the solid green line is the no fire scenario.
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between the no-fire scenario (green line) and fire scenarios (other lines) can be a surrogate for
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fine C loss Red line is the median of control run, black line connects the median line of each
scenario. Low beetle-caused mortality is 10-20% mortality; medium beetle-caused mortality is 10-
50% mortality; and high beetle-caused is larger than 50% mortality. Notice that the y-axis is
different for different phases for better showing the extreme fire severity.
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Figure Sy. Cumulative fire severity with respect to surface fine fuels (a) and overstory canopy fuels
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foreach scenario. The background color indicates pre-outbreak (before 1915), red (1915-1920), gray
(1921 —1930) and old phases (1931 — 1990) of beetle outbreak.
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Table S1. Summary of how fire characteristics (surface fire probability, surface fire severity, and
crown fire severity) respond to beetle outbreaks in different phases. The blue colored text refers to
findings of studies synthesized by (Hicke et al., 2012). The italic red colored text refers to findings
from this research. Content inside parenthesis identify the mechanisms of driving fire responses
after beetle outbreaks.

Fire
characteristics

Red phase

Gray phase

Old phase

Surface fire
probability

No change (no change
in dead surface fuel)

Decrease (decreased
fuelloading), more
decreases relative to
higher beetle-caused
mortality level.

Increase (higher dead
surface fuel loading)

Increase (more fuel
loading), increase more
with higher mortality level,
and reach plateau when
mortality level larger than
50%.

Increase (higher dead
surface fuel loading)

Decrease at high mortality
level (lower fuel aridity);
Increase at low to medium
mortality level (higher fuel
loading).

Surface fire

No change (no change
in dead surface fuel)

Decrease (decreased
fuelloading), more

Increase (higher dead
surface fuel loading)

Increase (more fuel
loading), increase more

Increase (higher dead
surface fuel loading)

Increase (more fuel
loading), increase more

severity decreases relative to with higher mortality level. | with higher mortality level,
higher beetle-caused and reach plateau when
mortality level. mortality level larger than

50%.
Increase (reduced Lower (reduced canopy Lower (reduced canopy
foliage moisture) bulk density dominates bulk density dominates
over increased surface over increased surface fire

Decrease (decrease in | fire probability) probability)
surface fire intensity),

Crown fire more decreases Increase (higher surface Increase (higher furface fire

severity relative to higher fire intensity and lower probability and lower

beetle-caused
mortality level.

overstory canopy height),
increase more with higher
mortality level.

overstory canopy height),
increase more with higher
mortality level, and reach
plateau when mortality
level larger than 50%.
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