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• Pyrogenic carbon (PyC) is a potentially
significant atmospheric carbon sink.

• Wildfire impacts on healthy and beetle-
killed lodgepole pine boles were com-
pared.

• Bark beetle disturbances influence py-
rolysis kinetics and increase charring
extents.

• Fuel composition changes due to beetle
disturbance enhance PyC production
from fire.

• Impacts at bole-level were scaled to as-
sess ecosystem-level implications.
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Forests store significant quantities of carbon, and accurate quantification of the fate of this carbon afterfire is nec-
essary for global carbon accounting. Pyrogenic carbon (PyC) encompasses various carbonaceous products of in-
complete combustion formed during fires and has potential to act as a carbon sink for up tomillennia, but current
estimates of PyC production in wildfires vary widely. Northern hardwood forests have changed dramatically in
recent decades due to insect epidemics, such as the bark beetle epidemic in the Rocky Mountain Region which
has caused widespread mortality. This study assessed impacts of bark beetle-induced mortality on fuel pyrolysis
kinetics, carbon partitioning of combustion products, and net heat output to aid in forest fire modeling and car-
bon accounting by comparing healthy and beetle-killed lodgepole pine tree boles burned in a 2018 forest fire in
southeast Wyoming, USA with unburned boles. Results showed charring predominantly restricted to the bark
and cambium. Significant differences between burned and unburned healthy and beetle-impacted bark/cam-
bium compositions were identified, and PyC production and energy output were quantified. Charring extent
and PyC content were found to be greater in beetle-impacted boles due to a reduction in bark/cambium resis-
tance to heating and charring, with 80 times more PyC produced in a beetle-killed bark/cambium than in a
healthy bark/cambium. Upon scale-up, total PyC production in the fire-affected area was estimated to be
0.71 GgPyC (82.5 kgPyC/ha). This was found to be significantly enhanced compared to an estimated PyC produc-
tion of 0.036 GgPyC (4.12 kgPyC/ha) in a hypothetical healthy lodgepole pine ecosystemof equal area. The results
of this investigation concluded that the 58% beetle-induced mortality in the Badger Creek Fire area resulted in 3
times more carbon released to the global atmosphere, 20 times more PyC retained onsite and 32% greater heat
output during wildfire.
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1. Introduction

Wildfires emit approximately 2.2 Pgof carbon into Earth's atmosphere
each year (Jones et al., 2019; Hobley et al., 2017), and wildfire frequency
and severity are projected to increase inmany regions as climates change
(Hobley et al., 2017; Santín et al., 2015). Accurate quantification of the fate
of forest carbon reserves during wildfires, whether emitted to the atmo-
sphere or left in situ, is needed for global carbon balance models
(Hobley et al., 2017; Meigs et al., 2015). More accurate estimates of car-
bon partitioning for a variety of vegetation and fire conditions could
help reconcile the missing sink of ~1.5 PgC per year in current atmo-
sphericmodels,whichdonot account for the pyrogenic carbon (PyC) pro-
duced during wildfires (Hobley et al., 2017; Donato et al., 2009). PyC
consists of a wide range of carbonaceous species formed during incom-
plete combustion and retained in soot and char after fires. Although the
PyC continuum encompasses chemical compounds that can be highly la-
bile or highly stable, ranging from charred biomass and charcoal to soot
and graphite, it is generally agreed upon as being carbon-rich and recalci-
trant to environmental degradation with the potential to sequester car-
bon up to a time scale of millennia (Meigs et al., 2015; Santín et al.,
2016; Santín et al., 2017; Knicker et al., 2008).

Important aspects ofwildfires, including carbon fate andfire dynam-
ics, are directly impacted by feedstock characteristics. Heterogeneity of
wildland fuels and burning conditions make modeling wildland fire a
complex undertaking because a large number of interacting chemical
and physical processes must be considered both spatially and tempo-
rally (Donato et al., 2009; Chatterjee et al., 2012). Biomass combustion
occurs via two major steps: pyrolysis, producing volatile species or py-
rolyzates that undergo homogenous gas-phase combustion, and hetero-
geneous oxidation of the remaining solid char by ambient gases. Fire
intensity and spread are directly related to the rate and amount of
heat release from pyrolyzate combustion, which promote further fuel
pyrolysis and sustain the fire. The heat release from pyrolyzate combus-
tion therefore also promotes further fuelwood charring, which is the
principal mechanism for PyC production, while heterogeneous oxida-
tion is a mechanism for its consumption (Pérez-Ramirez et al., 2012;
Albini, 1980; Albini, 1976; Law, 2006). The composition and combustion
kinetics of the pyrolyzates are influenced by a broad range of factors in-
cluding vegetation composition, weather conditions and available oxy-
gen within the burning environment. Consequently, the rates, extents
and final chemical forms of PyC production are influenced by the
heating conditions undergone by the unburned fuels, leading to
devolatilization and ignition, as well as heterogeneous oxidation and
smoldering after the fire front has passed (Santín et al., 2015; Pérez-
Ramirez et al., 2012; Albini, 1976; López-Martín et al., 2018).

With increasing pyrolysis temperatures and durations, greater
amounts of increasingly aromatic PyC are formed by condensation and
cross-linking of soot and soot precursors on residue surfaces
(Schimmelpfennig and Glaser, 2011; Preston and Schmidt, 2006). The
final carbon structures and amounts of aromatics in the PyC then deter-
mine its stability and recalcitrance to environmental degradation. After
the fire, PyC can be transported and relocated, and undergo size reduction
via aerial and fluvial processes, butmechanisms for its deterioration post-
wildfire, such as rapid consumption in subsequentwildfire or slowmicro-
bial degradation (Preston and Schmidt, 2006; Goldberg, 1985), are lim-
ited. Thus, PyC stocks in soils can act as durable carbon sinks after fire
(Hobley et al., 2017; Santín et al., 2016; Gale and Thomas, 2019).

Field data to enhance and test existing wildland fire models, specif-
ically models that predict spread rates and products of fire, are difficult
to obtain and, as a result, models must often utilize data obtained from
laboratory fire experiments (Santín et al., 2017; Alexander and Cruz,
2013). Biochar produced via pyrolysis in laboratory studies may not
be representative of wildland fire conditions, however, which are
often characterized by high intensity, short duration, and partial com-
bustion of biomass (Santín et al., 2017; Albini, 1976; Schimmelpfennig
and Glaser, 2011). Additionally, although fire spread is governed by
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the complex composition and combustion kinetics of fuel pyrolyzates,
reduced global reaction mechanisms are often employed in models
(Pérez-Ramirez et al., 2012; Berner et al., 2012; Keeley, 2009; Tihay
et al., 2009). Computational costs limit these models to the consider-
ation of only a few representative gas species, such as CO and H2, and
one- or two-step global reaction schemes. This approach necessarily re-
sults in a loss of accuracy because reactant species composition is a key
determinant of flame kinetics. Heats of combustion of the volatile gases
are typically considered to range from 12,000 to 16,000 kJ/kg (Pérez-
Ramirez et al., 2012); however, more accurate quantification of key char-
acteristics of pyrolyzates, such as the heat output from combustion of
these gas-phase mixtures, is needed for improved modeling (Pérez-
Ramirez et al., 2012; Berner et al., 2012; Keeley, 2009).

Many forests worldwide are experiencing heightened disturbances
from insects due to hotter and drier climates (Jenkins et al., 2014).
Among these insect disturbances, the recent mountain bark beetle
(Dendroctonus ponderosae) epidemic in the Rocky Mountain region has
affected 558 billionm3 of standing timber and induced a 32% treemortal-
ity (Berner et al., 2012; Harvey et al., 2014). There has been extensive in-
vestigation into the impacts of these disturbances on fire frequency, fire
severity and carbon fluxes, but the interactions between insect- and
fire-disturbances and forest fuel composition are complex and still not
fully understood (Berner et al., 2012; Jenkins et al., 2014; Harvey et al.,
2014; Page and Jenkins, 2007; Edburg et al., 2012; Jenkins et al., 2008;
Klutsch et al., 2009). Additionally, there have been few studies investigat-
ing the production of PyC fromwildfires (Santín et al., 2015; Santín et al.,
2016) and no studies investigating the interactions of wildfire, PyC pro-
duction and beetle-induced mortality. To date, interactions between
bark beetle disturbance and fire remain controversial as increased, de-
creased and no relationships have been found in various studies, depend-
ing on the outbreak stage, ecosystem type and burning conditions (Meigs
et al., 2015; Jenkins et al., 2014; Jenkins et al., 2008; Klutsch et al., 2009;
Liang et al., 2016; Bond et al., 2009; Simard et al., 2011). Among the diffi-
culties in assessing bark beetle impacts on fire is the challenge of procur-
ing appropriate controls (Harvey et al., 2014). The wildfire that impacted
21,310 acres in the Badger Creek watershed of the Medicine Bow-Routt
National Forest in southeastern WY, USA, in June and July of 2018
(Badger Creek Fire, 2018) offered an opportunity to study bark beetle im-
pactswith controls provided by the nature of the forest itself, as the forest
in this region is dominated by even-aged lodgepole pine (Pinus contorta)
that has been heavily affected by bark beetles, with most tree mortality
occurring over a three-year window between 2008 and 2011
(Kipfmueller and Baker, 2000; Kayes and Tinker, 2012). This region was
also heavily instrumented before the fire by University of Wyoming re-
searchers to investigate effects of the bark beetle on lodgepole pine forest
ecosystems, providing detailed pre-fire beetle infestation data (Kayes and
Tinker, 2012; Reed et al., 2014).

This study investigated differences in pyrolysis kinetics, carbon
partitioning, PyC formation and net heat output between beetle-killed
and healthy lodgepole pine (BK and HP, respectively) during the Badger
Creek Fire in order to provide better estimates for carbon accounting
and improved inputs for wildfire spread models. PyC contained in
standing timber aboveground has demonstrated greater mean resi-
dence times in situ than that produced from downed trees and finer
fuel particles (Rumpel et al., 2015; Ohlson et al., 2009), but there is
still significant uncertainty in quantification of formation magnitudes.
Thus, tree boles were investigated in this study to better assess retained
PyC. Charring severity, carbon content and PyC production were com-
pared between burned and unburned BK and HP boles to quantify
amounts of carbon released and retained. Detailed analyses of elemen-
tal,fixed and volatile carbon, and PyC, aswell as quantification of energy
released during the fire were performed. Isoconversional kinetic rate
parameters were derived to elucidate differences in pyrolysis kinetics
induced by bark beetle infestation. The heat output and carbon
partitioning analyses were employed to assess large-scale fire impacts
of lodgepole pine and beetle-affected forest ecosystems.
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2. Materials and methods

2.1. Materials

Burned and unburned beetle-killed (BK) and healthy (HP) lodgepole
pine boles were obtained from theMedicine Bow-Routt National Forest
near Chimney Park Scout Camp, which is near the Badger Creek Fire
boundary. Burned and unburned boles were collected in May/June of
2019, ten months after the fire. Burned boles were attained within the
fire boundary and unburned samples were collected from immediately
outside the fire-affected area to ensure all samples were obtained from
an even-aged, relatively homogenous lodgepole pine stand. Beetle-
killed trees were in the gray stage of the epidemic outbreak at the
time of the fire. A total of 12 boles (three each of burned and unburned
BK and HP) of approximately 16.5 cm in diameter and 1.0 m in length
were collected. Bole cross sections were cut to capture fire impacts
and charring at an average bole height of 1.0 m. Radial regions of each
bole were identified as bark/cambium, sapwood and heartwood
(Fig. 1a). The bark/cambium region consisted of both the bark and the
cambium layer immediately adjacent to the bark (Fig. 1b and c).

The bark/cambium regions were visually distinct between beetle-
affected and healthy samples due to relative loss of moisture and lack of
malleability in beetle-affected boles, and burned or unburned samples
due to charring in burned boles. The bark/cambium layer in burned
healthy pine was characterized by charred bark and uncharred cambium
(Fig. 1b), while the burned beetle-killed pine was characterized by char-
ring that extended through the cambium(Fig. 1c). The sapwoodwas visu-
ally characterized as being either affected or unaffected by residues of the
blue-stain fungi (Ophiostoma clavigerum and Ophiostoma montium) re-
lated symbiotically to, and providing evidence of, the presence or absence
of the bark beetle (Solheim andKrokene, 1998). The heartwood layerwas
visually similar between all boles. In order to determine the changes in
properties due to charring extent during the Badger Creek Fire, all bole
layers underwent proximate analysis. Particles of approximately
1–2 mm in diameter were extracted from each of the three radial bole
layers (bark/cambium, sapwood and heartwood) for each of the four
bole categories (burned and unburned HP and BK). The bark/cambium
was sampled together as a single layer and samples beyond thebark/cam-
bium were obtained at 1 cm radial increments.

2.2. Proximate analysis

A TA Instruments Q500 thermogravimetric analyzer (TGA) was uti-
lized to conduct proximate analysis following the KAR procedure
(García et al., 2013). HP andBK bark/cambium, sapwood andheartwood
samples were dried at 100 °C in 99.99% purity nitrogen (N2) for 10 min
Fig. 1. Planar views of a) unburned healthy lodgepole pine bole to show radial delineation of b
and c) burned beetle-killed pine.
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to measure the moisture content (MC) by mass loss, then ramped to
950 °C at 40 °C/min and held isothermal for 7 min. The mass loss that
occurred during this high temperature step reflects the volatile content
(VC) of the samples. Lastly, the TGA furnacewas cooled to 750 °C and an
oxygen (O2, 99.9% purity) andN2mixturewas introduced to the furnace
at a 20/80 v/v% to simulate air and combust the samples. The remaining
mass after combustion is the ash content (AC), and thefixed carbon (FC)
content is obtained from the balance of the initial sample mass (García
et al., 2013). FC is a measure of the condensed, non-volatile carbon
that remains in a sample after it has lost its labile compounds due to
heating. Although FC is not a direct measure of PyC content, FC and VC
are indicators of the extent of charring that a feedstock underwent in
wildfire conditions. Relative values of VC and FC between unburned
and burned boles can therefore give insights into expected trends of
PyC contents post-fire (García et al., 2013). FC and VC were normalized
and are reported on a dry, ash-free (DAF) basis. A minimum of three
replicates were performed for each bole layer (bark/cambium, sapwood
and heartwood) of each sample type (burned and unburned HP and
BK). All uncertainty in this study was assessed using the Student's t-
test with a 95% confidence interval. Based upon the quantitative results
of this proximate characterization, all ensuing characterizationmethods
were restricted to the bark/cambium of each bole sample.

2.3. Isoconversional kinetic analysis

Numerous TGA-based methods for deriving Arrhenius kinetic pa-
rameters of pyrolysis reactions have been developed and used to good
effect (Tihay and Gillard, 2011; Arenas et al., 2019; Leroy et al., 2006).
Isoconversional techniques like the Ozawa-Flynn-Wall (OFW) tech-
nique, however, are particularly adept atmodeling reaction rate param-
eters as functions of reaction temperature and conversion extent and
have been recommended for the modeling of pyrolysis kinetics under
wildfire conditions (Tihay and Gillard, 2011; Arenas et al., 2019).
Heating rates observed during wildfires are highly variable, ranging
from slow smoldering to rapid crown fire spread under high wind ve-
locities (Pyne et al., 1996). Isoconversional models capture the changes
in the reaction mechanism experienced at different heating rates by
reporting kinetic parameters as a function of the degree of conversion
and the temperature realized by the fuel at that conversion (Tihay and
Gillard, 2011; Arenas et al., 2019).

The OFW isoconversional technique was used in this study to assess
the kinetic parameters for pyrolysis of unburned BK and HP. TGA was
used to pyrolyze the BK and HP samples by first subjecting the samples
to a 10 min drying step at 100 °C followed by a temperature ramping
step to 650 °C in 99.99% purity N2. Five different heating rates were in-
vestigated for the ramping step: 5, 10, 20, 40, and 60 °C/min. Using a
ark/cambium, sapwood and heartwood, and bark and cambium of b) burned healthy pine
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field heat flux sensor, Frankman et al. (2012) reported maximum radi-
ative and convective heat fluxes of 300 and 42 kW/m2, respectively,
during crown fire in mature lodgepole pine (Rat Creek Fire 16, August
2007). These maximum fluxes correspond to radial heating rates to
the boles on the order of 100 °C/min. Thus, this study utilized heating
rates higher than the typical upper limit of around 30 °C/min applied
in kinetic analyses (Tihay and Gillard, 2011; Arenas et al., 2019) in
order to more closely approximate wildfire conditions and assess the
performance of the OFW technique at higher heating rates. A summary
of the OFW technique follows.

The general expression for the kinetics of heterogeneous reactions is

dα
dt

¼ β
dα
dT

¼ f αð ÞAexp −
Ea
RT

� �
ð1Þ

whereα is the degree of conversion, t is time,β is the heating rate, f(α) is
thedifferential conversion function thatmaybe approximated by an an-
alytical reaction model, Ea is the activation energy, A is the pre-
exponential factor, and R is the universal gas constant. The degree of
conversion is determined by

α ¼ m0−m
m0−m∞

ð2Þ

wherem0 is the initial dry mass,m is the instantaneous mass andm∞

is the ending mass at 650 °C. The OFW is a model-free approach such
that, instead of assuming or attempting to derive a form of f(α),
Eq. (1) is integrated to separate the terms depending on α and T as
shown in Eq. (3).

G αð Þ ¼
Z α

0

dα
f αð Þ ¼

A
β

Z T

T0

exp
−Ea αð Þ

RT

� �
dT ¼ AEa αð Þ

Rβ
p xð Þ ð3Þ

In thismanner, the isoconversional methodmodels the reaction rate
at a specific degree of conversion only as a function of temperature. In
this integrated form, if x = Ea(α)/RT,

p xð Þ ¼ exp −xð Þ
x

−
Z ∞

−x

exp xð Þ
x

dx ð4Þ

and, thus, G(α) has no analytical solution andmust be resolved using an
approximation. For the OFW method, the Doyle approximation is ap-
plied:

ln p xð Þð Þ ¼ −5:3308−1:0516x ð5Þ

The integrated form of Eq. (1) using the Doyle approximation yields
the OFW isoconversional mathematical form

lnβ ¼ ln
AEa αð Þ

R

� �
− ln G αð Þð Þ þ 5:331−

1:052Ea αð Þ
RT

: ð6Þ

The attainment of Ea, in kJ/mol, and ln(A) is achieved by plotting ln β
against 1000/T isoconversional lines, obtained by TGA. The slope,miso, of
the lines yields the activation energy by

Ea ¼ misoR
−1:052

kJ
mol

� �
ð7Þ

and the y-intercept gives ln(A).

2.4. Ignition temperature and char oxidation rate

To better elucidate the relationship between the kinetic parameters
and volatile contents, ignition onset temperatures and char oxidation
rates were investigated. Ignition temperatures and oxidation rates
were obtained by heating dried unburned BK and HP bark/cambium
samples to 500 °C at 10 °C/min using TGA in a simulated air
4

environment (20/80 v/v% O2/N2) to emulate atmospheric conditions
during the wildfire event. Six replicates were performed for both BK
and HP. Stage 1 and 2 ignition temperatures were defined at the first
and second maximums of the derivative mass loss curves, respectively,
where Stage 1 represents volatile ignition and Stage 2 represents char
oxidation. Char oxidation rate was determined as the change in mass
% over the change in time from the start of heterogeneous char oxida-
tion (Stage 2 ignition) to the end of the burnout, defined where the
change inmass % reaches a steady state, defined as less than 0.05%/min.

2.5. Elemental characterization

Elemental analysis was performed using a Thermo Scientific
FlashSmart Elemental Analyzer to quantify the CHNS/O composition of
the bark/cambium samples following the flash combustion elemental
analysis technique. Pulverized samples were dried at 100 °C for 24 h
prior to CHNS/O analysis. The Classical Organic Elemental Analysis
method, using 2,5-Bis (5-tert-butly-benzoxazol-2-yl) thiophene as the
method standard, was used to test 2–4 mg of the samples (Krotz et al.,
n.d.). Three samples for each replicate of each bole category were ana-
lyzed, resulting in a total of nine bark/cambium replicates for each
bole category.

2.6. Hydrogen pyrolysis (HyPy)

The characterization of PyC remains challenging and many thermal,
chemical and optical methods have been proposed for its quantification
(Sawyer et al., 2018; Mastrolonardo et al., 2017; Chang et al., 2018;
Meredith et al., 2012; Haig et al., 2020). The difficulty of accurately
quantifying PyC arises largely from its very definition, as the spectrum
of PyC encompasses lightly charred vegetation to graphite, with carbo-
naceous species varying significantly in composition and environmental
permanence (Schimmelpfennig andGlaser, 2011; Haig et al., 2020). Hy-
drogen pyrolysis (HyPy) has been shown to be a reliable method for se-
curing the largest, most representative portion of the PyC continuum
(Meredith et al., 2012; Haig et al., 2020; Ascough et al., 2009; Ascough
et al., 2010). HyPy utilizes high pressure hydrogen-assisted pyrolysis
with a dispersed sulphidedmolybdenum (Mo) catalyst to liberate labile
carbonaceous species, leaving condensed, refractory carbon behind for
quantification as PyC (Haig et al., 2020). Under normal pyrolysis condi-
tions these labile species may crack and recondense onto available aro-
matic structures, artificially increasing the total PyC content (Preston
and Schmidt, 2006). Under HyPy, the carbonaceous residue is thermally
stable, highly aromatic refractorymaterial (PyC) that has not been phys-
iochemically altered or enhanced by the HyPy quantification technique
itself and is the isolated fraction of PyC formed during the original wild-
fire event (Ascough et al., 2009).

Hydrogen pyrolysis (HyPy) was used to isolate the PyC fraction of
the burned bark/cambium samples following the procedure developed
by Meredith et al. (Meredith et al., 2012) and Ascough et al. (Ascough
et al., 2009). A horizontally-oriented, 100 mm-long, 12.5 mm-diameter
stainless steel reactor was constructed to house a quartz tube with an
inner diameter of 3.18 mm containing unburned and burned HP and
BK bark/cambium samples loaded with MoS2 catalyst. A schematic of
the HyPy reactor is shown in Fig. 2.

Ammonium tetrathiomolybdate ((NH4)2MoS4) was combined with
bark/cambium samples such that, after decomposition in the HyPy pro-
cess, MoS2 comprised 5% of the sample by weight. The bark/cambium
samples were pulverized to <425 μm and loaded with the Mo catalyst
precursor using a 1:1 deionized water/methanol solvent such that
(NH4)2MoS4 was 0.1 M of the aqueous solvent solution. All Mo-loaded
samples were vacuum dried at 60 °C for a minimum of 24 h before sub-
jection to the HyPy experimental procedure, and dried samples were
stored under N2 at 4 °C.

Samples were secured in the quartz tube using quartz wool on both
ends, loaded into the HyPy reactor, and purged with high-pressure



Fig. 2. Schematic of hydrogen pyrolysis (HyPy) reactor used in this study to isolate PyC.
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(15 MPa), industrial grade N2 (99.9% purity) prior to pressurizing the
HyPy reactor with 99.99% purity hydrogen (H2) at 15 MPa and at a
flow rate of 1.5 SLPM. The H2 was mixed with 10 SLPM of N2 at atmo-
spheric temperature and pressure prior to exiting the reactor for safety.
A thermocouple inserted horizontally into the reactor monitored the
sample temperature. The thermal treatment was initiated by ramping
the sample temperature from 50 to 300 °C at 50 °C/min and then from
300 °C to the final temperature at 10 °C/min and held isothermal for
5 min. Meredith et al. (Meredith et al., 2012) recommended HyPy ex-
perimentation between 550 and 575 °C to capture a range of PyC resi-
dues, though additional devolatilization above 550 °C was found to be
negligible in this study. Preliminary tests confirmed no significant addi-
tional loss in volatiles forHyPy trials heated to 575 °C compared to those
heated to 550 °C. Thus, in this study, Mo-loaded bark/cambium samples
were heated to a final isothermal temperature of 550 °C only. After the
isothermal step, all samples were cooled to 100 °C in N2 at the testing
pressure. Three HyPy experimental replicates were performed for
each sample and composited for further analysis.

A modified proximate analysis via TGA was used to characterize
amounts of fixed carbon after HyPy treatment to investigate the effec-
tiveness of theHyPy technique. The sampleswere subjected to dehydra-
tion, pyrolysis and oxidation similar to the analysis procedure outlined
in Section 2.2. However, preliminary proximate analysis on HyPy-
treated chars revealed negligible volatile loss above 550 °C, and, thus,
the devolatilization segment of the proximate analysis was altered to
mimic the HyPy experimental procedure. The HyPy chars were ramped
at 100 °C/min to 300 °C and 10 °C/min to 550 °C, at which point O2 was
introduced to oxidize the remaining sample.MC, VC, FC andACwere de-
termined for rawbiomass loadedwith theMo catalyst precursor, aswell
as post-HyPy chars. Three repeats of each Mo-loaded bark/cambium
sample and six repeats of post-HyPy sampleswere performed for uncer-
tainty analysis.

Elemental analysis was performed following the procedure outlined
in Section 2.5 to determine the carbon (CHyPy char) content of the HyPy
residue. Finally, the PyC content of the burned bark/cambium samples
was determined by renormalizing the post-HyPy carbon content to
the pre-HyPy mass of the bark/cambium samples using the ash content
of the HyPy char (ACHyPy char) obtained by themodified proximate anal-
ysis and the ash content of the pre-HyPy samples (ACpreHyPy). The
renormalization relation is shown in Eq. (8):

PyC ¼ CHyPy char �
ACpreHyPy

ACHyPy char
� 100 %½ � ð8Þ

HyPy of the unburned BK and HP bark/cambium samples should
produce no PyC because those samples underwent no charring in the
fire event. The results of HyPy characterization of the unburned HP
and BK in this study, although quite low, were not zero. These residues
5

are artifacts of the organic aromatic ring structureswithin the unburned
biomass. Therefore, the actual PyC contents of the burned HP and BK
were determined by deducting the apparent PyC found from their un-
burned bark/cambium sample counterparts.

2.7. Carbon partitioning and net heat output

The results of the bark/cambiumHyPy PyC characterization and ele-
mental analyses were used to assess carbon partitioning between car-
bon lost from the site of the Badger Creek Fire via pyrolysis and char
oxidation, and carbon retained at the site in the forms of unaffected
and charred biomass. Average bark/cambium thicknesses, based on
eight thickness measurements made at 45° increments around the cir-
cumference of each bole type, were used to determine the volume of
bark and cambium per unit length of bole based on a bole cross-
sectional area that was 16.5 cm in diameter at the inside surface of the
bark/cambium. The total carbon content of the bark/cambium layer of
a bole per meter length (CPLi) was calculated by

CPLi ¼ π ro þ tið Þ2−r2o
� �

� ρi � XC;i
g C

m bole

� �
ð9Þ

for burned and unburned HP and BK, where π((ro + ti)2 − ro
2) is the

cross-sectional area of the bark/cambium layer for bole type i, where i
indicates burned or unburned HP or BK. The inner radius, ro, is half the
16.5 cm diameter for each bole, while the thickness, ti, is the unique av-
erage measured bark/cambium thickness for each bole type. The bark/
cambium density, ρi, was determined by massing bark/cambium sam-
ples for each bole type and using ti along with sample area, measured
using ImageJ (Rasband, n.d.), to determine particle volume. The mass
fraction of elemental carbon within a given bole type, XC,i, was acquired
by elemental analysis. Carbon released from HP or BK boles due to fire
was then determined by differences in CPLi between unburned and
burned samples. The total PyC content of the bark/cambium layer for
each bole type per meter length, PyCPLi, was calculated using Eq. (9)
by replacing XC,i with XPyC,i, where XPyC,i was determined as outlined in
Section 2.6. Volatile content of the bark/cambium per meter length,
VCPLi, was likewise calculated by replacing XC,i with XVC,i.

The chemical energy in the bark/cambium layer per unit length of
the uniform size boles, EPLi with units of kJ/(m of bole length), can
also be calculated using a variant of Eq. (9) by replacing XC,i with the
measured higher heating value, HHVi. Heating value analyses of burned
and unburned HP and BK bark/cambiumwere performed byWyoming
Analytical Laboratories in Laramie, WY, USA. Again, by difference, the
energy released per meter length can be determined between burned
and unburned boles. Measured and calculated values of XC,i, ρi, HHVi,
CPLi, PyCPLi, and EPLi are all on a DAF basis.



Fig. 3. Proximate analysis results showing a) volatile and fixed carbon contents on a DAF
basis of burned and unburned BK and HP for bark/cambium, sapwood and heartwood
layers, and b) mass loss profiles of burned and unburned BK and HP bark/cambium
during drying, pyrolysis and oxidation.
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Lastly, the results were scaled up to the area impacted by the Badger
Creek Fire to estimate total carbon emissions and total energy released,
as well as total PyC produced as a result of this fire, and to assess full-
scale impacts of bark beetle mortality on these quantities. Most recently
in 2017, fourteen plots of 150 m2 in the Chimney Park area of the Med-
icine Bow-Routt NFwere field tested to assess bark beetlemortality. The
average basal area of lodgepole pine within these plots was 13 m2/ha,
with 58% of the basal area determined as beetle-killed before the Badger
Creek Fire. For an average diameter of 16.5 cm at a height of 1.0m, a ho-
mogenous age class of treeswill have an average height frombase to top
of crown of 12.5 m (Kayes and Tinker, 2012; Reed et al., 2014). In the
scale-up calculations performed in this study, the simplifying assump-
tion was made that the charring characteristics, including char depth
and composition, at 1.0 m height were representative of all heights
along the bole. These details of the fire-affected area were used in con-
junction with the experimental characterization of the boles performed
in this study to scale up the carbon partitioning for the entire 21,310
acres of the Badger Creek Fire.

3. Results and discussion

3.1. Characterization of charring extent

Proximate analyses of FC and VC in the bark/cambium, sapwood and
heartwood layers of the burned and unburned HP and BK boles are
shown in Fig. 3a on a DAF basis. Spatially resolved particle samples re-
vealed that the FC and VC did not vary significantly with radius within
either the sapwood or heartwood layers. Furthermore, no significant
differences in FC or VC were observed between the burned and un-
burned sapwood and heartwood layers for HP or BK, or between the
burned and unburned HP bark/cambium. In contrast, the BK bark/cam-
bium layers showed evidence of significant charring by increased FC
and decreased VC measured in the burned BK as compared to the un-
burned BK. In summary, the proximate analysis results suggested that
carbonization, and therefore PyC production, was limited to the bark/
cambium layers of the boles and was more prominent in BK than HP.
As a result of these findings, further characterization was limited to
the bark/cambium layers only. Proximate analysis TGA mass loss pro-
files of solely the bark/cambium are shown in Fig. 3b and further illus-
trate the differences summarized in Fig. 3a. The drying step occurs
first with a dwell time of 10 min at 100 °C and ends at approximately
15 min when the temperature begins ramping from 100 °C. Pyrolysis
is the extensivemass loss event occurring immediately following drying
from15 to 42min or from100 to 950 °C. Followingpyrolysis, the sample
is cooled to 750 °C before an air environment is introduced to initiate
oxidation. Oxidation can be identified as the rapid mass loss event be-
ginning at approximately 49 min.

Compositional changes to the bark/cambium layerswere further ex-
amined qualitatively via scanning electron microscopy (SEM), and SEM
images of unburned and burned HP and BK bark/cambium layers are
shown in Fig. 4. Fig. 4a, c, e and g show impacts of the bark beetle and
fire on the bark side of the bark/cambium layer. Fig. 4b, d, f and h
show impacts on the cambium side. Beetle impacts can be observed in
the structural degradation between unburned HP and BK in the cam-
bium (Fig. 4b and f), and particularly in the bark (Fig. 4a and e). The
bark of HP underwent some deterioration of fiber assembly due to
light charring from fire, observable in Fig. 4c. In contrast, images of un-
burned and burned HP cambium (Fig. 4b and d, respectively) show that
the cambium remained relatively intact after the fire. Between the un-
burned and burned BK, however, distinct changes in structure and ar-
rangement of the fibers can be observed, suggesting degradation of
those fibers and charring from the exterior bark (Fig. 4e and
g) through to the cambium (Fig. 4f and h). These SEM imaging results
are consistent with macroscopic visual observations (Fig. 1b and
c) and proximate analysis results (Fig. 3) indicating that charring ex-
tended through the entire bark/cambium layer of burned BK, while
6

the charring depth was significantly less in burned HP. These results
suggest that pre-fire disturbance from the bark beetle led to reduc-
tion in the fire resistivity of the protective bark/cambium in affected
trees.

Additional insights into the differences in charring extent and depth
in HP and BK were sought by measuring bark/cambium layer thick-
nesses. The influence of bark thickness on fire resistivity has been
established by a number of studies (Hengst and Gretel, 1994; Lawes
and Richards, 2011; Pinard and Huffman, 1997). Generally, the bark
thickness is considered to be a significant determining factor in
predicting survival and recovery of the vascular cambium from fires.
Bark/cambium thicknesses were measured to be 2.10 ± 0.58, 2.02 ±
0.50, 1.87 ± 0.22, and 2.28 ± 0.33 mm for burned and unburned BK
and burned and unburned HP, respectively. There is no statistical differ-
ence between these thicknesses and, thus, the relative thicknesses of
the bark/cambium layers alone do not explain the observed differences
in charring between HP and BK.

3.2. Kinetic parameters

Fig. 5a and b show isoconversional ln β vs. 1000/T lines from the py-
rolysis of unburned BK and HP, respectively, for the five investigated
heating rates. The R2 values for each isoconversional linear regression
are summarized in Table 1. Pyrolysis kinetics above 80% conversion
were not assessed due to inconsistencies in the linear fits and, thus, in-
accurate kinetic parameter values that would be derived from these fits.
Notably, kinetic parameters were derived in this study over a range of



Fig. 4. SEM images of unburned HP a) bark and b) cambium; burned HP c) bark and d) cambium; unburned BK e) bark and f) cambium; and burned BK g) bark and h) cambium.

Fig. 5. Isoconversional lines for the pyrolysis of unburned a) BK and b) HP.
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Table 1
R2 values for linear regressions of isoconversional extents (α) from 5 to 80%.

R2

α 5% 15% 25% 35% 45% 55% 65% 75% 80%

BK 0.963 0.976 0.954 0.903 0.865 0.950 0.987 0.957 0.594
HP 0.990 0.985 0.965 0.924 0.877 0.877 0.931 0.934 0.876
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heating rates from 5 to 60 °C/min, which is a larger range and higher
heating rates than are typically utilized in OWF kinetic parameter deri-
vations, but those higher heating rates generally showed nodetrimental
effect on R2 values. Table 1 shows that the poorest linear fit over this
wide range of heating rates is at the highest extent of conversion
(α = 80%).

The activation energies and pre-exponential factors as functions of
conversion extent, derived using results shown in Fig. 5 and the OWF
model, are presented in Fig. 6. Arenas et al. (Arenas et al., 2019) reported
activation energy values as high as 400 kJ/kg at 90% conversion for pine-
wood using several isoconversional methods. Those authors also listed
activation energies for orange peel, a fruit protective structure, of ap-
proximately 550 kJ/kg at the same conversion extent. The high Ea for
both BK and HP reported in the present study, up to 503 and 315 kJ/
mol, respectively, likely result from the high lignin content present in
plant structural materials such as bark and which is recalcitrant to deg-
radation (Srivastava, n.d.). BK andHPdisplay somedifferences in kinetic
behavior, suggesting variation in the decompositionmechanism of each
bark/cambium type. BK and HP kinetic parameters are observed to in-
crease similarly and nearly linearly to approximately 45% conversion,
beyondwhich differences between the two feedstocks cause the kinetic
behavior to deviate significantly. The activation energies and
pre-exponential factors of BK are higher than those of HP above approx-
imately 50% conversion. These differences in kinetic parameters be-
tween HP and BK indicate less heating needed for significant reactions
to occur in HP. The pyrolysis kinetic behavior mimics that observed in
Fig. 3b where the pyrolysis mass loss behaviors of unburned HP and
BK are identical up to approximately 390 °C (~50% conversion), after
which BK devolatilization slows andmass loss becomes less susceptible
to heating until oxidation. These results, taken together with the re-
duced charring of HP, suggest a protective effect from the presence of la-
bile volatile species. The higher kinetic parameters of BK indicate that a
significant portion of the volatile barrier against charring had already
been removed over the course of beetle infestation and inducedmortal-
ity. More energy, in the form of even greater pyrolysis temperatures, is
then needed to continue degradation of the remaining recalcitrant com-
ponents of the bark/cambium in the BK. This also indicates that BK
would be more susceptible to charring as a significant component of
Fig. 6. a) Activation energies and b) pre-exponential factors of BK and HP pyrolysis as fu
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fire resistivity in healthy pine – volatile bark/cambium content – is
missing.

3.3. Ignition temperature and char oxidation rate

The Stage 1, homogeneous gas-phase ignition temperatures of HP
and BKbark/cambiumwere 313±3.0 °C and 302±3.1 °C, respectively.
The Stage 2, heterogeneous solid char ignition temperatures were
414 ± 2.9 °C and 392 ± 7.7 °C, respectively. The oxidation rates of the
HP and BK chars during Stage 2 oxidation were 20.1 ± 1.4 %/min and
21.3 ± 3.3 %/min, indicating that once the volatile component of the
bark/cambiumhad been extirpated, the char burnout behaviorwas sim-
ilar between BK and HP. The ignition temperatures, volatile contents
and kinetic parameters suggest that, while the volatile content of un-
burned HP was only slightly higher than that of unburned BK (Fig. 3),
the loss of volatiles in the BK bark/cambium due to the bark beetle dis-
turbance corresponded to considerably increased vulnerability to char-
ring during wildfire as indicated by the kinetic analysis and lower
ignition temperatures of BK. Considering the rapid and relatively short
duration of the heating experienced by vegetation during wildfire,
these results help explain the greater extent of BK charring as compared
to HP during the Badger Creek Fire and suggest more extensive PyC for-
mation from BK.

3.4. PyC characterization

Proximate analysis mass loss profiles and results for chars created
using the HyPy technique to isolate the PyC component of burned BK
and HP are shown in Fig. 7. First, Fig. 7a illustrates the effectiveness of
the HyPy technique for isolating and accurately quantifying PyC in or-
ganic samples. HP that had not undergone HyPy was pyrolyzed in N2

by heating samples to 700 °C at 40 °C/min and holding them isothermal
for 20 min in the TGA. The pyrolyzed samples were then subjected to
the same modified proximate analysis underwent by all post-HyPy
char samples. Fig. 7a compares the proximate analysis profiles of N2-
pyrolyzed HP char and the post-HyPy HP char. Since minimal mass
loss occurred at temperatures below 300 °C, the mass loss profiles
were truncated to show the 10 °C/min pyrolysis step starting from
300 °C and the oxidation step of the proximate method for better visu-
alization. Comparing to the proximate mass loss shown in Fig. 3b, only
pyrolysis and oxidation are shown in Fig. 7a. Pyrolysis mass loss oc-
curred first until approximately 28 min, at which point the sample
was subjected to an air environment. The rapid mass loss event at ap-
proximately 30 min was the start of the combustion or char burnout
step. The results shown here are strikingly different from those shown
in Fig. 3b for raw biomass samples. In Fig. 7a, the samples had already
nctions of conversion extent (α), obtained using the OWF isoconversional method.



Fig. 7. a) TGAmass loss profiles demonstrating the effectiveness of the HyPy technique for isolating PyC, b) proximate analysismass loss profiles of the post-HyPy bark/cambium samples,
and c) volatile (VC), fixed carbon (FC) and ash (AC) contents (mass %, dry basis) from proximate analysis of post-HyPy bark/cambium samples, as well as calculated PyC content of
unburned and burned BK and HP (g of PyC per 100 g of bark/cambium sample on a DAF basis).

A. Howell, M. Bretfeld and E. Belmont Science of the Total Environment 760 (2021) 144149
undergone extensive pyrolysis and charring, losing a significant fraction
of their volatile content. Results show substantiallymore fixed carbon in
the non-HyPy HP char than the HyPy char due to the formation of PyC
under pyrolysis in N2, highlighting the need for the HyPy technique to
isolate PyC in burned biomass samples. Proximate analyses of post-
HyPy unburned and burned HP and BK chars are compared in Fig. 7b.
The proximate analysis results for the HyPy chars (dry basis) and the
PyC content of the feedstocks (DAF basis), calculated from the post-
HyPy carbon content and renormalized to the pre-HyPy sample mass
using Eq. (8), are provided in Fig. 7c. Carbon contents of post-HyPy
9

chars obtained via elemental analysis were 60.2 ± 4.2% and 18.1 ±
4.2% for burned and unburned BK, respectively, and 11.8 ± 2.5% and
13.0 ± 1.8% for burned and unburned HP, respectively, on a dry basis.
Ash content accounted for a significant portion of theHyPy char compo-
sitions due to the extensive removal of labile material during HyPy,
resulting in a sample that was primarily ash and PyC.

Notably, the unburned BK andHP samples showed small amounts of
PyC content which indicates that some PyC was formed during HyPy.
This PyC formation is due to generation of pyrolysis char from residual
organic structures in the original raw biomass and some formation
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during HyPy is likely unavoidable. Nevertheless, results can be analyzed
by difference, comparing the PyC contents of burned feedstocks against
those of their unburned counterparts, where the latter serve as a base-
line. The PyC contents of unburned and burned HP were 1.04 and
1.16±0.3 gPyC per 100 g of feedstock, respectively, suggestingminimal
PyC formation in burnedHPand resistance of HP bark/cambiumto char-
ring in wildfire. In contrast, burned BK contained significantly more PyC
than its unburned counterpart at 1.40 and 11.0 ± 1.0 gPyC per 100 g of
feedstock for unburned and burned BK, respectively. These results cor-
respond to the production of PyC in HP and BK bark/cambium after
wildfire of 0.12 ± 0.4 and 9.62 ± 1.8 gPyC per 100 g of bark/cambium,
respectively. This 80 times greater PyC content in BK bark/cambium
confirms the enhancement of carbonization of BK over HP that has
been indicated by other results presented in this study.

3.5. Carbon and PyC partitioning

The PyC results obtained from HyPy analysis were used to estimate
the total PyC produced for the Badger Creek Fire impacted area.
Table 2 summarizes the bark/cambiumdensities, elemental carbon con-
tents, carbon permeter length of bole, PyC permeter length of bole, and
volatile content per meter length of bole of the bark/cambium feed-
stocks. Also shown in Table 2 are the estimated total and per hectare
carbon, PyC and volatile contents for the impacted fire region. Due to
the lack of statistical difference in burned and unburned bark/cambium
thicknesses, average thicknesses of 1.96mmand 1.94mmwere used for
BK and HP, respectively, to calculate the results in Table 2.

The ramifications of the loss of the volatile protective barrier in BK is
emphasized by the bark/cambium density measurements in Table 2,
where the density of unburned BK is significantly less than that of un-
burned HP and, while both feedstocks show a decrease in density after
burning, the BK is more dramatically reduced. These density values
give insight into bark/cambium fire resistivity, as the larger volatile con-
tent of healthy bark and cambium can include components that help re-
sist thermal degradation, such as sap, but these components are
reduced when a tree dies, lowering bark/cambium density (Santín
et al., 2017; Pérez-Ramirez et al., 2012). Analysis of the density, volatile
contents, ignition temperatures and kinetic parameters suggests an ex-
planation for the enhancement of char formation in burned BK. Though
the loss of volatiles in unburned BK as compared to unburned HP is
small (Fig. 3), significant damage is dealt to the bark/cambium protec-
tive barrier. The cost of the impacts of the bark beetle become quite ap-
parent with the 11 and 22 °C decrease in ignition temperatures of BK
during Stage 1 and Stage 2 combustion, respectively. Furthermore, the
increase in kinetic parameters of BK at high extents of conversion indi-
cate that the more recalcitrant species to pyrolysis have already been
lost in BK. The deterioration of the protective bark/cambium frombeetle
impacts is then fully realized by the significant enhancement of carbon
and, ultimately, PyC in burned BK observed visually and quantitatively
confirmed in this work.
Table 2
Bark/cambiumdensities, elemental carbon contents, carbonper length (CPL), PyCper length (Py
carbon, PyC and volatile contents derived for burned and unburned BK and HP bark/cambiumo
DAF basis.

Density (kg/m3) %C CPL (gC/m) Total C (GgC) (kg/ha) PyCP

BK
Unburned 500 ± 27 64.4 ± 6.5 331 ± 34 12.6 ± 1.1 –

1459 ± 130
Burned 185 82.8 158 6.0 18.3

695

HP
Unburned 583 67.0 398 11.0 –

1271
Burned 470 73.7 353 9.7 0.54

1128
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The total amounts of elemental carbon for each bole type show that
unburnedHPhad greater elemental carbon than unburned BK (Table 2).
This results from not only a higher elemental carbon fraction in un-
burned HP as compared to unburned BK, but also from greater bark/
cambium densities (Lawes and Richards, 2011). Regarding the carbon
remaining in situ after the fire, only 0.15% of the carbon retained in
burned HP bark/cambium was PyC. This corresponds to a calculated
0.015 GgPyC (1.73 kgPyC/ha) left onsite fromburning of HP. Conversely,
11.6% of the carbon retained in burned BK bark/cambiumwas PyC, leav-
ing a calculated 0.70 GgPyC (80.8 kgPyC/ha) onsite after the fire. Lastly,
the total carbon calculated to have been released during thefire event in
the form of volatiles and oxidized char was 6.6 and 1.3 GgC (764 and
143 kgC/ha) from BK andHP, respectively, resulting in a total carbon re-
lease from lodgepole pine tree boles as a result of the Badger Creek Fire
of 7.9GgC (907 kgC/ha) or about 0.0004% of the estimated annual global
release of carbon fromwildfires. The total PyC generated in tree boles by
the Badger Creek Fire (calculated to be 0.71 GgPyC or 82.5 kgPyC/ha)
corresponds to 0.0002–0.0006% of the annual global PyC production of
116–385 TgPyC estimated by Santín et al. (Santín et al., 2016).

For comparison, if the total burned area consisted solely of healthy
lodgepole pines prior to the fire, the theoretical total carbon released
as volatiles and oxidized char, and the total PyC retained in situ after
wildfire would be 3.0 GgC (340 kgC/ha) and 0.036 GgPyC (4.12 kgPyC/
ha), respectively. Thus, the theoretical carbon released and PyC formed
due to beetle infestation and consequent mortality was increased by an
additional 4.9 GgC (567 kgC/ha) and 0.67 GgPyC (78.4 kgPyC/ha), re-
spectively. These results have significant implications for the carbon
stored in PyC and the carbon released from wildfires in beetle-
impacted lodgepole pine forest ecosystems, and for global carbon
estimates.

3.6. Net heat output

The higher heating values of the bark/cambiumand the released vol-
atiles between unburned and burned boles, chemical energy per meter
length (EPLi) of the bark/cambium layers, and total heat contents and
output are shown in Table 3.

The results of the heating value and energy analyseswere used to es-
timate the total heat released by volatile combustion during the fire,
whichwas equivalent to 170TJ for BKand 79.9 TJ for HP, or an estimated
total heat release of 250 TJ due to the Badger Creek Fire. Verón et al.
(2012) reported an estimated global energy release from fires of
8300 ± 592 PJ per year from a land area of 3.3 to 4.3 million km2. For
the Badger Creek Fire burned area of 86.2 km2, this would correspond
to an energy release of approximately 220 TJ, demonstrating remark-
able agreement with the scale-up energy analysis performed in this
study. Alternatively, for a healthy lodgepole pine ecosystem, the total
heat released during wildfire would be approximately 190 TJ, corre-
sponding to an intensification of heat released during fire due to bark
beetle-induced mortality by 60 TJ.
CPL), and volatile content per length (VCPL) are presented. Estimated total and per-hectare
ver the impacted area of the Badger Creek Fire are also presented. Results are reported on a

L (gPyC/m) Total PyC (GgPyC) (kg/ha) VCPL (gVC/m) Total VC (GgVC) (kg/ha)

– 418 ± 26 15.9 ± 0.8
1843 ± 94

± 2.8 0.70 ± 0.1 70.9 2.70
80.8 ± 5.6 313

– 508 14.0
2240

0.015 408 11.2
1.73 1800



Table 3
HHVi and EPLi results for unburned and burned BK and HP bole bark/cambium, and total heat contents and output.

HHVi (kJ/kg) EPLi (kJ/m) Total energy content of bark/cambium (TJ) Total energy released (TJ) HHVi of volatiles released (kJ/kg)

BK
Unburned 19,990 10,280 ± 591 391 ± 19 – –
Burned 30,530 5812 221 170 ± 27 13,800 ± 6200

HP
Unburned 23,780 14,140 389 – –
Burned 24,220 11,530 309 79.9 25,230
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The heating value energy contents of the unburned tree bark/cam-
bium for the entire Badger Creek area were estimated to be 391 and
389 ± 19 GJ for BK and HP, respectively. Based on energy released
and mass lost, an average HHV of volatiles released during HP combus-
tion was found to be 25,200 kJ/kg, and an average HHV for volatiles re-
leased during BK combustion was 13,900 kJ/kg. These heating values
encompass a larger range than theheating values of simple gasmixtures
typically considered representative of homogeneous gas-phase com-
bustion in literature (Pérez-Ramirez et al., 2012). The heating values
presented in this work may therefore help improve the accuracy of
beetle-impacted forest fire models.

4. Conclusions

Prediction and modeling of wildland fire are confounded by highly
variable fuel compositions, loads and fire conditions. This study aimed
to enhance modeling efforts by assessing how an ecosystem distur-
bance due to beetle infestation might alter fire dynamics and carbon
partitioning. In this work, the properties of unburned and burned bark
beetle-killed and healthy lodgepole pine were investigated using
unique field data from the 2018 Badger Creek Fire in southeastern
WY, USA, to assess the impacts of the bark beetle infestation and in-
duced mortality on charring extent, carbon loss, heat output and PyC
production. Disturbance by bark beetle was shown to change the
bark/cambium structure and composition and, therefore, the fuel char-
acteristics and combustion behavior of lodgepole pine, but these im-
pacts generally did not extend past the bark/cambium layer. Bark/
cambium volatile content, kinetic parameters, ignition temperature
and density were used to identify a greater fire resistivity in HP bark/
cambium over BK, which led to measured increases in PyC contents in
burned BK over HP. Uniform bole sizes were used to compare carbon,
PyC and energy partitioning between burned and unburned samples
and to clarify unique characteristics between healthy and beetle-killed
pine that led to significant differences in final charring extents. Heating
values of volatiles emitted from burned and unburned boles were also
estimated and further confirmed that the change in fuel composition
due to the bark beetle resulted in a change infire behavior and products.

Carbon partitioning and energy released were scaled up to estimate
the impacts over the entire Badger Creek fire area. The total amount of
carbon released to the atmosphere from lodgepole pine tree boles in
the Badger Creek Fire was estimated to be 7.9 GgC (907 kgC/ha) and
the total amount of PyC formed and retained was estimated to be
0.71 GgPyC (82.5 kgPyC/ha). The total energy released by the fire was
estimated as 250 TJ. Scale-up analyses were also performed for a hypo-
thetical healthy lodgepole forest ecosystem of the same total burned
area to assess the net impacts of the bark beetle on combustion prod-
ucts. In a hypothetical equivalent healthy forest ecosystem, the theoret-
ical total carbon released as volatiles was estimated to be 3.0 GgC
(340 kgC/ha), total PyC onsite was calculated to be 0.036 GgPyC
(4.12 kgPyC/ha) and the net heat output was estimated to be 190 TJ.
Thus, these combustion products were significantly enhanced in the ac-
tual, beetle-disturbed ecosystem. The 58% treemortality resulted in 32%
greater fire heat output and more extensive burning and charring, with
almost 3 times more carbon released to the atmosphere and nearly 20
times more carbon formed into PyC. While the conclusions drawn in
11
this study are based on the boles of one vegetation type burned during
one unique wildfire incident, significant impacts of beetle disturbance
are elucidated. The differences in carbon stocks and heat output after
wildfire due to the bark beetle epidemic found in this study improve
estimates for fire behavior models and global carbon accounting, and
support a need for larger-scale ecological studies in fire- and insect-
impacted ecosystems.
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