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Positive feedbacks between wildfire emissions and climate are expected to increase
in strength in the future; however, fires not only release carbon (C) from terrestrial
to atmospheric pools, they also produce pyrogenic C (PyC) which contributes to
longer-term C stability. Our objective was to quantify wildfire impacts on total C and
PyC stocks in California mixed-conifer forest, and to investigate patterns in C and PyC
stocks and changes across gradients of fire severity, using metrics derived from remote
sensing and field observations. Our unique study accessed active wildfires to establish
and measure plots within days before and after fire, prior to substantial erosion. We
measured pre- and post-fire aboveground forest structure and woody fuels to calculate
aboveground biomass, C and PyC, and collected forest floor and 0-5cm mineral sail
samples. Immediate tree mortality increased with severity, but overstory C loss was
minimal and limited primarily to foliage. Fire released 85% of understory and herbaceous
C (comprising <1.0% of total ecosystem C). The greatest C losses occurred from
downed wood and forest floor pools (19.3 + 5.1 Mg ha~! and 25.9 + 3.2Mg ha~"',
respectively). Tree bark and downed wood contributed the greatest PyC gains (1.5
+ 0.3Mg ha=' and 1.9 + 0.8Mg ha~", respectively), and PyC in tree bark showed
non-significant positive trends with increasing severity. Overall PyC losses of 1.9 4+ 0.3 Mg
ha=" and 0.5 4+ 0.1 Mg ha~" occurred from forest floor and 0-5 cm mineral soil, with no
clear patterns across severity. Fire resulted in a net ecosystem PyC gain (1.0 & 1.0 Mg
ha—") across aboveground and belowground components of these forests, and there
were no differences among severity levels. Carbon emissions represented only 21.6% of
total forest C; however, extensive conversion of C from live to dead pools will contribute
to large downed wood C pools susceptible to release in a subsequent fire, indicating
that there may be a delayed relationship between fire severity and C emissions. This
research advances understanding of forest C loss and stabilization as PyC in wildfires;
however, poor relationships between C and PyC gains or losses and fire severity highlight
the complexity of fire impacts on forest C.

Keywords: California, fire behavior assessment team, charcoal, pyrogenic organic matter, black carbon, fire
effects, burn severity
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INTRODUCTION

Wildfires play a major role in controlling forest carbon (C)
storage and cycling in fire-suppressed forests in the western
United States (US) (Earles et al,, 2014), and are expected to
increase in frequency and size in future climate conditions
(Westerling et al., 2011; Moritz et al., 2012). Increased tree
density and fuel accumulation in low- to middle-elevation mixed-
conifer forests of the western US since the early 1900s have
contributed to the present-day occurrence of fires that are larger
and burn at greater intensity relative to historic conditions
(Covington and Moore, 1994; Schoennagel et al., 2004). Increased
fire activity in these forests has also been influenced by warming
temperatures in recent decades (Westerling et al.,, 2006). For
example, warming temperatures are associated with earlier and
warmer growing seasons, as well as increased fire season length,
and, in combination with drought, also increase tree mortality
rates, fuel load accumulation, and flammability of live and dead
fuels (Breshears et al., 2005; Westerling et al., 2006; Van Mantgem
et al.,, 2009; Littell et al., 2016). Projections of future wildfire
area burned in the state of California range from increases of
36-74% by the year 2085, and >100% for forests in northern
California (Westerling et al., 2011). These changes are expected to
lead to positive feedbacks among climate, fire and fire-mediated
C cycling that threaten to exacerbate climate warming (Liu et al.,
2014; Barbero et al., 2015; Millar and Stephenson, 2015), which
in turn increases drought stress in trees, and, consequently,
increased fire severity (Van Mantgem et al., 2013).

The severity of a fire describes the magnitude of impact to
an ecosystem, and is represented by a wide variety of definitions
and metrics (Keeley, 2009; Jain et al., 2012; Morgan et al., 2014).
Keeley (2009) provided a standardized definition of fire severity
as “aboveground and belowground organic matter consumption
from fire” and he includes fire-caused plant mortality as a type
of organic matter consumption. Consequently, accumulated fuels
and their increased flammability due to low moisture content
during drought conditions are likely to contribute to increased
wildfire combustion and, therefore, severity of immediate effects.

Increases in fire severity and patch size of high-severity areas
in many conifer forests in California have been reported over
recent decades, with above-average increases in low- to middle-
elevation forests such as the widespread mixed-conifer forest
type (Miller et al., 2009b). The proportion of area burned in
conifer forests is also greater in areas dominated by smaller-
diameter trees than areas dominated by larger-diameter trees
(Miller et al., 2012), suggesting that fire-suppressed forests as
well as regenerating forests are susceptible to—and contribute
to—increased fire size and severity.

Efforts to develop and apply standard indices for
characterizing fire severity are relatively recent and include
remote sensing approaches (Key and Benson, 2006; Miller and
Thode, 2007; Robichaud et al., 2007) as well as field classification
of composite [e.g., Composite Burn Index (CBI), (Key and
Benson, 2006)] and stratrum-specific impacts (NPS, 2003;
Keeley, 2009; Jain et al., 2012). Field indices classify fire severity
based on the extent of organic matter loss or decomposition
(i.e., using metrics such as tree crown scorch, tree mortality,

woody fuel consumption, loss of soil organic horizons, etc.), and
although vegetation composition, structure, and environmental
factors also influence organic matter loss, fire severity indices
generally reflect fireline intensity (Keeley, 2009; Morgan et al,,
2014). Because of variability in characteristics in vegetation and
soil within and across ecosystems (e.g., extent of mineral soil
exposure, soil color, vegetation structure and stem density),
fire severity is best evaluated based on knowledge of pre-fire
ecosystem characteristics (Keeley, 2009), but these data often
may not exist in areas that experience unplanned fires.

Understanding how fire severity influences C flux to the
atmosphere is crucial, not only for predicting climate impacts,
but also for developing mitigation strategies that support forest
resilience, especially in a time of shifting disturbance regimes
and poorly understood impacts on forest ecosystem services.
Over a full post-fire successional sequence and at landscape
scales in fire-adapted systems with constant fire return intervals,
the net impact of fire on C emissions is zero, because tree
growth will offset the C emission due to combustion and dead
biomass decomposition (Harmon, 2001; Hurteau and Brooks,
2011; Loehman et al., 2014). However, this theory may not hold
if one of its assumptions—full post-fire successional sequence,
landscape scale, constant fire return interval, no fire-induced
structural change—is not met. Future scenarios of changes in
the climate and the socio-economic context in Californian mixed
conifer forests are now challenging the applicability of the net-
zero emission principle in the future. For example, an increase
in fire severity in Sierra Nevada forests, as suggested by Miller
and Safford (2012), has potential to impact forest structure by
favoring chaparral over mixed conifer forests (Lauvaux et al,
2016). Under a scenario where the net zero emission principle
is applicable, the timescale for complete recovery of emitted C
is largely dependent on the pre-fire conditions and fire severity.
For example, a study conducted 4-5 years after fire in an Oregon
mixed-conifer forest showed that low-severity areas were a net
sink of C even though they had only partially recovered the lost
C, whereas high-severity areas were still a C source because of
dead wood decomposition (Meigs et al., 2009). Weichman et al.
(2015) found that 50% of emitted C was recovered 10 years after
a prescribed burn in a California mixed-conifer forest, whereas
Eskelson et al. (2016) reported significant losses of live wood
C in low- and moderate-severity areas, but no change in high-
severity areas, over 6 years post-fire for 130 Forest Inventory and
Analysis plots in the same state. Therefore, in fire-prone forests,
increases in fire severity have potential to increase short-term
C losses via fire emissions (including emissions from otherwise
longer-lived C pools such as dead wood and mineral soil C) as
well as decrease longer-term C storage by slowing the rate of post-
fire forest recovery (Pan et al., 2011). For example, a shift from
historically low- to mixed-severity fire in western mixed-conifer
forests to fires that are larger and result in a greater extent of high-
severity areas has potential to disrupt successional trajectories
and result in ecosystem replacement, with major impacts on post-
fire C sequestration (Folke et al., 2004; Bond-Lamberty et al,
2007).

However, the relationship between fire severity and forest C
budgets are complex, because wildfires not only release C from
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terrestrial to atmospheric pools, they also produce pyrogenic
C (PyC) that contributes to C sequestration over longer (i.e.,
decadal to millennial) time-scales when present in soils (Bird
et al., 2015; Santin et al., 2015b). Pyrogenic C defines a class
of organic compounds altered by heat under anoxic conditions
(pyrolysis). The chemistry of these molecules is heterogenous and
can be represented as a “continuum” of compounds ranging from
slightly charred biomass to highly condensed aromatic materials
(Masiello, 2004; Bird et al., 2015), all of which are characterized
by an increase in C concentration relative to their non-pyrolyzed
precursors (Bird et al., 2015). Although part of the PyC pool
is labile, PyC ages of 100s—1000s of years, and even up to
10,000 years have been reported in the top 1 m of soil, indicating
that PyC can be one of the longest-lived C pools in terrestrial
ecosystems (Schmidt et al., 2002, 2011; Eckmeier et al., 2009).
Therefore, conversion of biomass and soil C into long-lived PyC
during fires may help mitigate a proportion of fire-induced C
losses.

Seiler and Crutzen (1980) produced the first global estimate
of PyC production using a simple model based on burned
area, biomass stock and burning efficiency. Since then, charcoal
research has reached important milestones in determining the
fate of PyC once it become embedded in the soil matrix;
however, the production rate of PyC during wildfire in natural
conditions still represents a poorly addressed research gap
(Santin et al., 2015a). Biomass type and formation conditions
(i.e., temperature, oxygen availability) influence PyC stocks and
characteristics (Baldock and Smernik, 2002; Hammes et al., 2006;
McBeath et al.,, 2011; Hatton et al., 2016), and natural PyC is
known to exhibit a range of physical and chemical characteristics
depending on fire characteristics (McBeath and Smernik, 2009;
McBeath et al., 2013; Michelotti and Miesel, 2015; Uhelski and
Miesel, 2017). Conversion rates for C to PyC in boreal forests
for the forest floor layer range between 0.7% using the benzene
polycarboxylic acid (BPCA) method (Czimczik et al., 2003) and
24.5% using elemental analysis on visually blackened material
(Santin et al., 2015b). Conversion rates also vary across forest
components, as low as 7.3% for conifer needles to 67.1% for
bark in a boreal jack pine fores (Santin et al., 2015b). Saiz
et al. (2015) estimated a 16% conversion rate for surface fuels
across contrasting tropical savannas using visual, gravimetric
and total C identification. Differences among ecosystems and
among quantification methodologies contribute to the variability
of these results. Many studies, in fact, report only a partial
estimate of charcoal formation, e.g., accounting only for the
charcoal present on the ground after fire (Fearnside et al,
2001) or in the bark of standing trees (Makoto et al., 2011).
PyC formation rates have also been investigated in laboratory
studies, and although the influence of individual factors on PyC
formation rate has been well characterized—e.g., temperature
(Keiluweit et al., 2010), moisture (Brewer et al., 2013), or fuel
type (Hammes et al., 2006)—their interaction in the field remains
largely unpredictable (Santin et al,, 2017). Therefore, there is
a pressing need to produce data that will help predict PyC
formation rate from data on biomass and fire characteristics that
are increasingly available at relatively high spatial and temporal
resolution, e.g., data derived from remote sensing.

Remote sensing as well as field observations can be used
to assess fire severity after a fire, which, in general, represents
combined effects of fire intensity and residence time (Eidenshink
et al., 2007; Keeley, 2009). Fire behavior drives the magnitude
and duration of heating of biomass, which in turn influences
PyC characteristics. However, current understanding of the
influences of fire severity and pre-fire forest fuel loads on PyC
formation during forest fires is limited (Gonzalez-Pérez et al,
2004; DeLuca and Aplet, 2008). Previous efforts to quantify PyC
across gradients of fire severity have focused primarily on PyC
stocks or concentrations in soil (Pingree et al., 2012; Boot et al.,
2015; Miesel et al., 2015), although a recent investigation of post-
erosion PyC pools in California mixed-conifer forest quantified
PyC in the aboveground and belowground pools (Maestrini
et al., 2017). Santin et al. (2015b) provided the first estimation
of pre- and post-fire PyC stocks in a boreal jack pine forest
by measuring changes in C concentration in visually blackened
material; however, their study site represented high-severity fire
only (i.e., as defined by mortality to forest overstory) in which
impacts to mineral soil were negligible due to high moisture
content. A critical next step is to obtain the information necessary
for understanding the direct impacts of wildfire and fire severity
level on forest PyC stocks, especially in forests vulnerable to
ecosystem type conversion via fire activity that falls outside the
range of historic variability.

Our overarching objectives were to quantify wildfire impacts
on aboveground and belowground total C and PyC stocks in
California mixed-conifer forests, and to investigate relationships
between net changes in C or PyC and fire severity level,
using three fire severity classification systems. We used nearly
immediate pre- and postfire (i.e., typically within less than a
week before and after fire) measurements of the forest overstory,
understory, herbaceous layer, downed wood, and soil (organic
horizon and 0-5cm mineral soil) to quantify fire-induced
changes to ecosystem-level C and PyC stocks, across fire severity
levels derived from remote sensing imagery, as well as from
vegetation and substrate severity indicators classified in the field.

METHODS
Study Area

Our study sites included five active wildfire incidents that
occurred in 2014 and 2015 in mixed-conifer forest in California,
USA (Figure 1, Table 1). Both years of the study were part
of a record-setting drought that began in 2012, and all fires
occurred during the hottest months of the year. These forests
are characterized by a mixture of conifer species including
ponderosa, Jeffrey and sugar pines (P. ponderosa, P. jeffreyi,
and P. lambertiana), white fir (Abies concolor), Douglas-
fir (Pseudotsuga menziesii), and incense cedar (Calocedrus
decurrens). This is a widespread forest type on US Forest
Service (FS) and National Park Service (NPS) land in the
Sierra Nevada ecoregion of California, with a history of low-
severity fires occurring at 11-16 year intervals prior to Euro-
American settlement, documented by tree ring studies and fire
records dating to the early 1900s (Van de Water and Safford,
2011). Soils at these sites are coarse-textured and characterized
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150 km W

FIGURE 1 | Map of California, USA showing Sierra Nevada mixed-conifer
vegetation type (green polygon), fires occurring between 2014 and 2015 (red
polygons), and locations of the five wildfires from which data were collected for
this study (gray triangles). Inset map shows the location of California in the
continental United States.

as well-drained to somewhat excessively drained Alfisols and
Inceptisols, with the soil derived from material weathered
from granitic bedrock; one site supported Andisols formed in
material weathered from andesitic breccia or andesitic mudflows,
characterized as well- to somewhat excessively drained (NRCS,
2018). Mean annual precipitation ranges between 76.2 and
139.7 cm and occurs primarily as winter snowpack; mean annual
temperature ranges between 8.9 and 12.8°C.

Field Methods

The USDA Forest Service Fire Behavior Assessment Team
(FBAT) installed fire behavior instrumentation and conducted
pre-fire measurements and sampling at all sites before fire, and
duplicated the set of measurements and sampling after the fire
passed through a given plot, when it was determined safe to re-
enter. During a wildfire incident, the incident management team
or other official can request the FBAT team to measure and/or
monitor fuels and fire behavior to support fire management
decisions. AR and CE. led the coordination and training,
logistics and resources of the team. The five wildfire sites we
used in this study provided 29 plots with pre- and post-fire
measurements: 76% of these plots were measured within 5 days
post-fire, and another 17% were measured <10 days post-fire;
only two plots (7% of total) were measured 12 and 14 days
post-fire (Table 1). Plots were established in areas expected to
burn; however, in some cases the path of the fire did not
coincide with plot location; we excluded unburned plots from

this study. Therefore, the number of plots used for this study were
distributed unevenly across the five fires.

Each plot was installed within a relatively homogenous area
(in terms of forest structure and environmental characteristics)
to avoid the potential for plots to overlap two different fire
severity classes derived from the 30-m Landsat pixel scale. We
took plot photographs (Figure 2) and recorded GPS location,
slope, aspect, elevation and topographic position. Because of the
need to rapidly measure plots to determine forest structure and
composition, we used a Relaskop (using basal area factors of 5, 10,
20 depending on stand density) to record basal area in a variable-
radius plot approach, following standard rapid-assessment forest
mensuration methods. We then recorded tree species, diameter
at breast height (DBH; stem diameter at 1.37 m above ground),
total height, height to live crown, and live/dead status for tree
(>15.0 cm DBH) and pole (2.5-15.0 cm DBH) size classes for all
stems determined to be “in” via the Relaskop approach (NPS,
2003; Jain and Graham, 2007). Dead tree (snag) decay class was
also recorded (NPS, 2003; Domke et al., 2011). We measured
char height (minimum and maximum) on tree boles, percentage
of tree crown scorched (ie., present but killed) by fire, and
percentage of tree crown consumed by fire.

We used the line intercept method to measure dead and
down woody debris (hereafter: downed wood) and litter (O;
horizon) and duff (O.+O, horizons) depths along three 15.24 m
transects radiating from plot center (Van Wagner, 1968; Brown,
1974). We also visually estimated the percent cover for each
NPS vegetation and substrate burn severity class (NPS, 2003)
for the area inside a 15m radius circular plot overlain on
plot center, and then calculated the weighted average of the
classes to obtain a plot-level estimate for vegetation burn severity
and, separately, for substrate burn severity. The substrate and
understory severity classification followed protocol developed by
the NPS (2003) presented in Supplementary Material (Table S1),
hereafter referred to as “NPS substrate” and “NPS vegetation
severity,” respectively. We also measured total forest floor (litter
and duff) depth and collected volumetric soil samples from the
organic horizon (i.e., forest floor) and 0-5 cm mineral soil (Miesel
et al., 2015) at an additional three locations per plot for a subset
of the plots (i.e., for plots at which soil sample collection was
possible based on time and safety considerations). Only six of the
plots sampled for soils were affected by fire (producing 18 paired
pre- and post-fire samples). Each severity metric was assessed
at the plot scale; severity was not assessed separately at the soil
sample locations. Post-fire samples of the residual forest floor
layer included the ash; therefore the ash mass and C content
was quantified as part of the post-fire (ie., fire-altered) forest
floor. The distribution of data for forest floor depths measured for
whole-plot estimates and at the soil sample locations are shown
in Figure S1.

Our original goal was to collect pre- and post-fire forest
floor and mineral soil samples near a soil thermocouple to
relate changes in C and PyC to the magnitude or duration
of heating (i.e., rather than collecting and pooling a larger
number of samples from the plot); however, we were unable to
obtain enough satisfactory data from the thermocouples near
soil sample locations to confidently include in this analysis. In
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FIGURE 2 | Paired photos taken during pre-fire and post-fire measurements showing examples of fire impacts on forest vegetation and substrate at four plot locations
used in this study. For each pair of photos, pre-fire conditions are shown on the left and post-fire conditions are shown on the right. Photo credit: Reiner and Ewell.

TABLE 1 | Fire and location information? for the five wildfires used in this studly.

Fire Ignition date  Ignition Fire location (lat, Area Number Elevation Slope Aspect Pre-fire Post-fire

name cause long; °) burned of Plots (m) (%) ©) measurement = measurement
(ha) burned date date

French 28 Jul 2014 Human 37.275, —119.337 5,600 1,524-1,597 25-33  130-140 31 Jul 03 Aug

Beaver 30 Jul 2014 Lightning 41.930, —122.869 13,151 711-1,398 25-60 80-340 06-09 Aug 12-13 Aug

King 13 Sep 2014 Human 38.782, —120.604 39,545 1,514-1,669 4-20 270-0  17-19 Sep 21-23 Sep

Rough 31 Jul 2015 Lightning 36.874, —118.905 6,1360 13 1,851-2,476 5-45 60-360 17 Aug—12Sep 01-14 Sep

Willow 25 Jul 2015 Human 37.282, —119.502 2,307 1,320-1,719 25-45  210-320 29-31 Jul 02 Aug

Information on elevation, slope, aspect, and measurement dates are given for only those plots used in this studly, rather than for the overall area burned in each fire. @Fire location, area

and cause information available from https.//inciweb.nwcg.gov.

addition to classifying the NPS vegetation and substrate severities
described above, we also identified plot-level fire severity level
from geospatial layers available from the Monitoring Trends
in Burn Severity (MTBS) program, which provided severity
classifications derived from Landsat Thematic Mapper imagery
via the dNBR approach (Eidenshink et al., 2007) and calibrated to
the CBI (Miller et al., 2009a; Miller and Quayle, 2015), hereafter
referred to as remote sensing (RS) severity.

Laboratory Methods

Soil samples were shipped to the laboratory and air-dried to
constant mass. Pre- and post-fire forest floor samples were
ground to pass a 1 mm screen, and 0-5 cm mineral soil samples

were sieved to 2mm to remove stones and roots. We then
pulverized a subsample of each forest floor and mineral soil
sample to fine powder and dried to remove all moisture (60°C
for forest floor samples; 105°C for mineral soil samples) before
elemental analysis for total C and N (Costech, Italy; 1,000°C
combustion temperature). We also determined pyrogenic C in
forest floor and mineral soil samples as oxidation-resistant C
using a weak nitric acid-peroxide method following Kurth et al.
(2006) for mineral soil samples and Maestrini and Miesel (2017)
for forest floor samples. The modification of Kurth et al. (2006)
presented by Maestrini and Miesel (2017) for use in organic
matrices requires pre-digestion dilution of organic sample in
a carbon-free pulverized quartz matrix to ensure full digestion
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of non-resistant C while ensuring sufficient post-digestion solid
mass to collect for elemental analysis. Briefly, we digested 0.5g
of sample in a solution of 10mL IN nitric acid combined
with 20 mL of 30% hydrogen peroxide at 100°C for 16h in a
block digester (BD50, Seal Analytical, USA). Digestion tubes
were capped with teardrop stoppers to minimize evaporation,
and were periodically agitated during the first 4h to disperse
foam that forms during the digestion. Tubes were removed from
the block digester at the end of 16h and allowed to cool to
room temperature before agitating to suspend the solid digestion
residue into the solution, and then vacuum filtering (Whatman,
Grade 2 filters). We dried the solid residue on each filter at 70°C
for 24 h before weighing, and then measured C concentration as
described above. All PyC results we present represent estimates
derived from this chemical oxidation approach (PyCcrgr) which,
like all PyC quantification methods, cannot fully represent the
complete PyC spectrum (Hammes et al., 2007). For brevity we use
“PyC” in our Results section where only our data are presented,
whereas in the Discussion we will use “PyCcrr” to differentiate
our oxidation-based estimates of PyC from the broader concept
of PyC regardless of method (Zimmerman and Mitra, 2017).

Calculations and Statistical Approach

We used genus-specific allometric equations to calculate tree and
pole biomass for pre- and post-fire measurements, adjusting for
foliage and branch loss (Jenkins et al., 2004). Biomass estimates
for dead trees (snags) pre- and post-fire were adjusted for snag
decay class following Domke et al. (2011). Data for live basal area
and quadratic mean diameter are shown in Figure S2; biomass
data for all aboveground forest components are shown in Figure
S3. We used a biomass fraction of 0.50 to calculate tree and pole
C mass, following standard convention. To quantify pyrogenic C
in the tree layer, we assimilated tree volume to a cone, and used
the measured char height from this study and overall mean char
depth from other study sites in mixed-conifer forest the same
region (Maestrini et al., 2017) to calculate char volume. Char
volume was calculated as the difference between the volume of
a frustrum of the tree from base to mean char height, and the
volume of the uncharred core of the same frustrum. We then
calculated char mass as the product of char volume and the mean
bulk density of charred bark, and PyC mass as the mass fraction
of PyC in charred bark samples. Bulk density and PyC mass
fraction of charred bark from mixed-conifer forests follow values
presented by Maestrini et al. (2017). Pre-fire char was noted if
present on trees but was determined to be not quantitatively
significant; therefore, it is possible that the calculations in this
study provide a slight over-estimate of tree char produced by the
single fires.

We used field measurements of understory vegetation height
and percent cover to categorize understory species by density
class and species type (e.g., based on stem thickness), and then
calculated understory fuel biomass (for tree seedling and shrubs,
and for herbaceous species including grasses) using bulk density
coefficients extracted from the BEHAVE Fuel Subsystem (Scott,
2018, Personal communication), where fuel load is the product
of bulk density, depth and percent cover (Burgan and Rothermel,
1984). We calculated C mass in the understory and herbaceous

layer following C mass fraction for mixed-conifer forest given in
Campbell et al. (2009). Because this layer experienced major loss
of biomass during fire, we assumed that PyC formed by the fire
in the understory and herbaceous layers was transferred to the
forest floor. We calculated fuel loadings (biomass) for pre- and
post-fire woody fuels and the forest floor following the methods
of Van Wagtendonk et al. (1998), and converted to C mass using
published values for this region (Harmon et al., 1987). We did
not collect field measurements of charring on downed wood;
therefore, based on our previous work in other mixed-conifer
sites, we assumed negligible pre-fire charring on this component.
For post-fire downed wood, we assumed an overall mean of
0.23 PyC/C mass fraction for pieces <8.0 cm diameter, and 0.39
PyC/C mass fraction for pieces >8.0 cm diameter at the point
of intersection with the survey line, which represents the mean
value for each downed wood size category across severity levels
(severity determined via remote sensing data) in burned areas in
the same mixed-conifer ecosystem type presented by Maestrini
etal. (2017). Maestrini et al. (2017) measured PyC 2-3 years post-
fire, so using their values probably underestimates downed wood
PyC in our study. Forest floor horizon depth and biomass are
presented in Figure S4.

Forest floor C stock was calculated using pre- and post-fire
values of mass per unit area determined from the sum of the
litter and duff fuel loads (described above, as determined along
the fuels transects, Figure S1) multiplied by C concentration
measured in the physical samples collected. We used the actual
measured plot mean C concentration when possible, and we
used the grand mean within NPS substrate severity level for the
C concentration for plots for which no physical samples were
collected. For mineral soil we calculated C stock by multiplying
the fine fraction (<2 mm) soil mass per unit area for the 0-5 cm
depth increment from other nearby study sites in mixed-conifer
forests by the C concentration measured in the soil samples
collected in this study (with “missing values” replaced by the
grand mean within severity as described above for forest floor).
We used a value of 2.40 g cm ™ at one fire site (determined during
a follow-up visit 1 year post-fire), whereas we used 3.10 g cm ™2
for the other four sites based on measurements by Maestrini et al.
(2017); both values represent the total mass of fine fraction soil
in the 0-5cm depth increment. Similarly, we used PyC mass
fraction as determined by nitric acid digestion described above to
calculate PyC stocks for the forest floor and for 0-5 cm mineral
soil. Pre- and post-fire total C and PyC stocks for the physical
samples of forest floor and mineral soil are shown in Figure S5.
For the purposes of this study, we took a conservative approach
and calculated within-plot means for forest floor and mineral soil
C and PyC stocks. All statistical analyses were performed using
the plot as the unit of replication.

We calculated change in C and PyC by subtracting post-fire
C and PyC stocks from pre-fire C and PyC stocks within plot,
for each individual forest component and also for the sum of all
forest components (hereafter, “total ecosystem” C or PyC). We
interpreted a loss of total ecosystem C as C emissions, following
North et al. (2009), whereas negative changes in C stock in
individual forest components could indicate either a conversion
to PyC in (and/or a transfer to) another component and/or
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emitted C; therefore, changes in individual component C stocks
are not assumed to be emitted C. We calculated the C affected
by fire as the sum of C lost and C converted to PyC, and the
conversion rate of C to PyC as the ratio of PyC to C affected
(i.e., sum of C loss and conversion to PyC; hereafter PyC/CA),
following Santin et al. (2015b). We used general linear models
(GLMs) to investigate differences in C or PyC stocks between
pre- and post-fire measurements within severity classes, for
each forest component (SAS 9.4, SAS Institute, Inc., Cary, NC),
using elevation as a covariate to control for variability in plot
characteristics due to elevation. We also used GLMs to investigate
differences in the magnitude of C or PyC change between
pre- and post-fire measurements, among severity classes, using
elevation and pre-fire forest biomass measurements from each
forest stratum as covariates to control for variation in pre-
fire plot characteristics. Quantification of the specific effects of
covariates on the response variables was not the focus of the
study and they are not discussed further. We log-transformed
data where necessary to meet model assumptions, and we ranked
data before analysis when standard transformations failed to
meet model assumptions. We used Tukey-adjusted pairwise
comparisons to identify difference between pre- vs. post-fire
C and PyC stocks within severity level, and for comparisons
among severity level within pre-fire measurements and within
post-fire measurements. Although we present results for all
forest components, we recognize that the hypothesis test of no
difference between total pre- and postfire C stocks is somewhat
paradoxical because combustion of biomass during wildfire
by definition releases C from the ecosystem. We determined
statistical significance at p < 0.05 unless indicated otherwise.
Descriptive statistics for all figures and tables presented in this
manuscript are also provided in tabular form in supplementary
information (Table S2).

RESULTS

Agreement Between Severity Level

Measurement Method and Tree Mortality

All plots used in this study were affected by fire, and together
represented the full range of severity classes derived from
remotely sensed imagery (RS) and the full range of the
NPS vegetation severity classes, whereas there was a much
more narrow range of severity classes determined by NPS
substrate metrics (Table 2). In general, we observed relatively
low agreement in severity classification, among the three systems
applied. For example, although this study omitted plots that
were unburned by fire, one burned plot was classified as
unchanged by remote sensing metrics, and a different plot
was classified as unburned by the NPS vegetation severity
metrics (Table 2). The plot classified as unchanged by remote
sensing metrics demonstrated moderately severe burn when
using NPS substrate metrics, and heavily burned conditions
when using NPS vegetation metrics. The low RS severity class
included plots classified as unburned to moderately burned
when using NPS vegetation severity metrics. The majority of
plots classified as high RS severity were classified as moderately

TABLE 2 | Severity classification matrix showing distribution of plots (count)
assessed for fire severity level using remote sensing (RS), and National Park
Service (NPS) vegetation and substrate severity metrics assessed in the field
post-fire.

Remote sensing Unburned Scorched Lightly Moderately Heavily

burned  burned burned
NPS SUBSTRATE
Unchanged 0 0 0 1 0
Low 0 0 3 5 0
Moderate 0 0 6 5 0
High 0 0 1 8 0
NPS VEGETATION
Unchanged 0 0 0 0 1
Low 1 2 2 0 3
Moderate 0 4 2 2 3
High 0 0 2 1 6
NPS vegetation Unburned Scorched Lightly Moderately Heavily

burned  burned burned
NPS SUBSTRATE
Unburned 0 0 1 0 0
Scorched 0 0 4 2 0
Lightly 0 0 1 5 0
Moderately 0 0 3 0 0
Heavily 0 0 1 12 0

burned by NPS substrate severity metrics, and as heavily burned
using vegetation severity indices. The strongest agreement
occurred between the vegetation and substrate severity indices,
with 41% of plots classified as heavily burned by vegetation
metrics also classified as moderately burned by substrate metrics
(Table 2).

Across all severity levels, fire caused 74% mortality of live
tree stems present before fire, and the difference in stem density
between pre-fire and post-fire live trees was significant (p
= 0.0002) (Figure 3). However, when considered by severity
level, the loss of live tree stems was significant only for the
high RS severity (100% mortality; p < 0.0001) and moderate
NPS substrate severity (81% mortality; p = 0.005) categories
(Figure 3). There were no differences in pre-fire stem density
among any of the post-fire severity classifications, and the only
difference among post-fire severity classes occurred between the
high and low RS classes (marginal significance; p = 0.079). When
using RS metrics, tree mortality was 14-fold greater in high
severity areas than in low-severity areas (p = 0.022), whereas only
approximately four times greater than mortality in moderate RS
severity areas (p = 0.066); there was no tree mortality observed
in the RS unchanged class (Figure 3). The two NPS severity
systems showed trends toward greater tree mortality with severity
level, but there were no significant differences among severity
levels (Figure 3). Elevation explained a significant amount of
the variation in tree mortality overall, and for all three of
the severity classification systems, but plots that experienced
no mortality as well as plots that experienced total mortality
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FIGURE 3 | Mean (+s.e.) number of live trees ha~! measured pre-fire and
post-fire in burned plots, shown for overall severity levels (ALL) and for plots
classified by three burn severity classification systems. Fire severity
classifications determined from remote sensing includes unchanged (NCH),
low (LOW), moderate (MOD), and high (HI) severity. Vegetation and substrate
severity follows National Park Service classification scheme, including
unburned (UNB), scorched (SCH), lightly burned (LHT), moderately burned
(MOD), and heavily burned (HVY). Difference bars below the zero line indicate
the number of tree stems killed by the fires used in this study. Asterisks (*)
indicate significant differences between pre- and post-fire measurements,
within severity level. Lowercase letters below the zero line indicate significant
differences in the change between pre- and post-fire measurements (hatched
bars) among severity levels within classification system; ns indicates no
significant differences (p < 0.05). Differences among severity levels for pre-fire
and for post-fire measurements are described in the text. All plots used in this
study were burned by wildfire, including those classified into the unchanged or
unburned severity classes.

occurred across the full range of elevation (711-2,476 and 1,079-
2,088 m, respectively).

Total Fire-Affected Ecosystem C and PyC

Stocks

Our results indicated that fire released 54.8 + 6.6 Mg ha™! C as
emissions, and that there was a net ecosystem PyC gain of 1.0
+ 1.0 Mg ha~! (Figures 4A,B). However, overall post-fire total
ecosystem (forest overstory to 5cm mineral soil depth) C and
PyC (i.e., PyCcrr) stocks were 198.2 £ 27.1 Mg ha~! C and
5.3 + 1.0 Mg ha~! PyC, which was only 21.6% less and 22.5%
greater than pre-fire stocks of 253.0 & 28.4 Mg ha™! C and 4.3
+ 0.3 Mg ha~! PyC, respectively (Figures 4A,B). There were no
statistically significant differences between pre- and post-fire total
ecosystem C or PyC stocks for the grand mean across all severity
levels, or for any severity system (Figures 4A,B; but see earlier
comment about paradoxical hypothesis tests). Total ecosystem
C stocks showed greater variability in the RS low-severity class
compared to the moderate- and high-severity class for pre-fire
as well as post-fire values; however, there were no significant

differences among RS severity classes. Neither the total ecosystem
C mass loss nor net PyC change between pre- and post-fire
measurements differed among severity levels, for any of the three
severity classification systems (Figures 4A,B).

Total C and PyC Stocks in Vegetation and
Downed Wood

The forest overstory contributed the majority of ecosystem C
(71.6%) before fire, whereas downed wood, the forest floor and
0-5 cm mineral soil contributed much lower amounts (9.6, 11.4,
and 6.6%, respectively). The understory and herbaceous layers
each contributed <1% of total ecosystem C stock. There were
no differences in forest overstory (tree layer) C stocks between
pre- and post-fire measurements for any of the severity classes
(Figure 4C). The magnitude of overstory C loss was 4.8 £
1.9 Mg ha~! overall, and did not differ among RS severity levels
(Figure 4C). Tree foliage contributed the greatest source of C
mass loss from the forest overstory; however, foliage contributed
only 3.4% of total overstory C (data not shown). Conversely,
overstory PyC mass gain due to fire was greater for high RS
severity areas relative to unchanged or low severity areas (p =
0.014 and p = 0.008, respectively), with a gain of 1.5 + 0.0 Mg
ha™! across all severity levels. Changes in overstory C or PyC
stocks due to fire did not differ among severity classes for either
the NPS vegetation or substrate indices; however, PyC in tree
bark showed non-significant positive trends that followed the
severity gradient (Figures 4C,D).

We observed an overall loss of 86% of seedling and shrub C
stocks due to fire (p = 0.0163; Figure 4E). However, pairwise
comparisons of pre- and post-fire C stocks within severity level
showed that the only significant loss occurred in the high RS
severity class (p = 0.001) and heavily burned NPS vegetation
severity systems (p = 0.033), both of which showed a 99%
loss of C (Figure 4E). Similarly, the moderate NPS substrate
severity class indicated a 95% loss of C (p = 0.003; Figure 4E).
Areas classified as moderate or high severity by RS metrics
supported less overstory C and greater understory C, relative
to unchanged and low severity classes (Figures 4C,E). No pre-
fire differences in seedling and shrub C existed among severity
classes for any of the three classification systems, whereas post-
fire measurements indicated 97% less C in RS high severity
areas relative to moderate severity areas (p = 0.045). Although
we observed a trend toward increasing C mass loss from the
scorched to moderately burned classes in the NPS vegetation
system, the pattern was disrupted by the small loss from the
heavily burned class; therefore, the magnitude of loss appears to
mirror the pre-fire C stocks rather than the severity gradient.
Differences in the magnitude of understory C mass loss among
severity levels were not statistically significant for any of the
three severity classification systems (Figure 4C). Similar to our
results for understory C, fire caused an overall loss of 93% of
herbaceous layer C (p < 0.0001; Figure 4F). Significant losses also
occurred from the moderate (p = 0.015) and high (p = 0.005) RS
severity classes, from moderately (p = 0.015) and heavily burned
(p = 0.001) areas using NPS vegetation metrics, and from areas
classified as lightly (p = 0.042) and moderately burned (p <
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FIGURE 4 | Mean (+s.e.) total C and PyC stocks (Mg ha~', estimated as PyCc7r Via chemical oxidation) for total ecosystem carbon (A,B), for the forest overstory
(i.e., tree layer; C,D); seedling and shrub layer (C only; E), herbaceous and grass layer (C only; F), and downed wood (G,H) for pre-fire and post-fire conditions and
calculated differences between pre- and post-fire measurements, shown for overall severity levels (ALL) and for plots classified by three fire severity classification
systems. Because pre-fire PyC in bark and downed wood was assumed to be negligible, the post-fire PyC stocks in panels D and H are equivalent to the change
(increase) in PyC for these forest components. Severity abbreviations follow those given in Figure 3. Asterisks (*) indicate significant differences between pre- and
post-fire measurements, within severity level. Lowercase letters below the zero line indicate significant differences in the change between pre- and post-fire
measurements (hatched bars) among severity levels within classification system; ns indicates no significant differences (p < 0.05). Differences among severity levels
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0.0001) using NPS substrate severity metrics (Figure 4F).There
were no differences in pre-fire herbaceous layer C across severity
classes, for any of the three types of severity metrics, and no
differences in post-fire C stocks among the RS or NPS vegetation
severity indices. In contrast, post-fire C stocks were 100% lower
in moderately burned than in lightly burned areas, using the
NPS substrate severity classification (p = 0.034; Figure 4F).
There were no differences in the total mass of C lost from the
herbaceous layer due to fire among severity levels for any of the
severity classification systems (Figure 4F).

Fire caused an overall loss of 19.3 & 5.1 Mg ha™! C from
the downed wood pool across all severity levels (p < 0.0001 for
pre-fire vs. post-fire comparison), as well as for low (p = 0.047),
moderate (p = 0.008), and high (p = 0.004) RS severity classes
(Figure 4G). When using NPS vegetation severity metrics, the
only statistically significant changes between pre- and post-fire
C stocks occurred for the lightly burned (p = 0.030) and heavily
burned (p = 0.001) areas, whereas for the NPS substrate severity
classes, we observed significant losses from both lightly burned
(p = 0.002) and moderately burned (p < 0.0001) areas. There
were no differences in downed wood C stocks among severity
levels for either pre-fire or post-fire measurements for any of the
severity classification systems. The gain in PyC in the downed
wood component was 1.9 £ 0.8 Mg ha~! across all severity levels;
however, there were no differences in the magnitude of downed
wood C mass loss or PyC gain due to fire among severity levels,
for any of the severity classification systems (Figures 4G,H).

Total C and PyC Stocks in the Organic

Horizon and Upper Mineral Soil

There was an overall effect of fire on forest floor C stocks,
across all severity classes (loss of 25.9 4+ 3.2Mg ha™l; p <
0.0001), and for nearly every severity level in the three severity
classification systems (p < 0.001 for all RS classes; p = 0.051, p <
0.0001, p = 0.092, and p < 0.0001 for NPS vegetation scorched,
lightly-, moderately-, and heavily burned severity classes; p =
0.002 and p < 0.0001 for lightly- and moderately burned NPS
substrate classes; Figure 5A). The only difference in pre-fire
forest floor C stock among severity levels was between the
moderately and lightly burned substrate severity classes (p =
0.018; Figure 5A). There were no differences in post-fire forest
floor C stocks among severity levels for the RS or substrate
severity classification systems, whereas post-fire C stocks were
87% lower in lightly burned areas relative to areas classified as
unburned using NPS vegetation indices (marginally significant at
p = 0.094; Figure 5A).

Forest floor PyC stocks (in samples of post-fire forest floor
which included the ash and all other fire-altered forest floor
material) decreased by 77% (1.9 & 0.3 Mg ha~!) due to fire across
all severity levels (p < 0.0001), and also showed significant losses
for the low, moderate and high RS severity classes (respectively p
= 0.012, p = 0.006, and p < 0.001; Figure 5B). Only the lightly
(p < 0.001) and heavily burned (p < 0.0001) NPS vegetation
severity levels showed significant losses due to fire (Figure 5B).
The substrate severity metrics indicated losses of 45% (0.7 £
0.3 Mg ha™!; marginally significant at p = 0.081) and 86% (2.5

+0.4Mgha~!; p < 0.0001) in the lightly and moderately burned
severity classes. The only differences in PyC stocks evident among
severity levels for either the pre-fire or post-fire values for the
three severity classification systems occurred for post-fire PyC
stocks between the unburned and lightly burned NPS vegetation
severity classes (p = 0.030; Figure 5B). The magnitude of forest
floor total C and PyC loss due to fire showed non-significant
increases across the NPS vegetation classes from scorched <
moderately burned < heavily burned; the greatest variability in
C and PyC losses occurred in the lightly burned class which did
not differ significantly from unburned areas (Figure 5A). The
magnitude of loss also increased with NPS substrate severity,
with 18.1 Mg ha™! greater C, and 1.8 Mg ha™! greater PyC, lost
from moderately burned areas compared to lightly burned areas,
and these differences between severity classes were marginally
significant (Figures 5A,B).

We found that fire caused an overall C loss of 20% (3.3
+ 0.5Mg ha™!) from the upper mineral soil (Figure 5C); with
statistically significant differences between pre- and post-fire
measurements evident for RS low (p = 0.017), moderate (p =
0.043), and high (p = 0.035) severity classes, the heavily burned
NPS vegetation severity class (p < 0.0001), and the moderately
burned NPS substrate severity classes (p < 0.0001; Figure 5C).
No differences in mineral soil C stocks among severity levels
existed before fire. Although post-fire C stocks differed by only
2.34Mg ha™! between NPS substrate lightly and moderately
burned severity classes, this difference was statistically significant
(p = 0.04).

Fire decreased mineral soil PyC stocks by 23% (0.4 &+ 0.1 Mg
ha™!) relative to pre-fire stocks across all severity classes (p =
0.003; Figure 5D). Significant losses within individual severity
levels were evident for the RS low (p = 0.003) and moderate (p
= 0.008) severity classes, for the NPS vegetation heavily burned
class (0.008), and for both of the NPS substrate severity classes (p
< 0.0001 and p = 0.0014 for lightly and moderately burned areas,
respectively; Figure 5D). There were no differences in pre-fire or
post-fire mineral soil PyC stocks among severity levels, for any of
the three severity classification systems. Similarly, our calculated
mineral soil C and PyC stocks showed that moderately burned
areas lost 38% (1.0 Mg ha~!) more total C than lightly burned
areas (p = 0.038), whereas lightly burned areas lost 57% (0.2 Mg
ha~!) more PyC than moderately burned areas (p = 0.003) for the
NPS substrate severity classification system. In contrast, the RS
and NPS vegetation severity systems failed to indicate statistically
significant differences in the magnitude of mineral soil C or PyC
between pre- and post-fire measurements.

Contributions of PyC to Fire-Affected C by
Forest Compartment and Across Fire

Severity Levels

The PyC proportion of post-fire C (PyC/postfire C) was greatest
in the downed wood, forest floor and mineral soil layers for
all severity classification systems and overall (Tables 3-5). The
total mass of C affected by fire (ie., the sum of pre-fire C
emitted to the atmosphere or transformed to PyC), was greatest
in the downed wood and forest floor pools for all severity
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FIGURE 5 | Mean (+s.e.) total C and PyC stocks (Mg ha~', estimated as PyCctr Via chemical oxidation) for forest floor (A,B) and mineral soil (C,D), for pre-fire and
post-fire measurements, and calculated differences between pre- and post-fire measurements, shown for overall severity levels (ALL) and for plots classified by three
fire severity classification systems. Severity abbreviations follow those given in Figure 3. Asterisks (*) indicate significant differences between pre- and post-fire
measurements, within severity level. Lowercase letters below the zero line indicate significant differences in the change between pre- and post-fire measurements
(hatched bars) among severity levels within classification system; ns indicates no significant differences (p < 0.05) and ms indicates marginal significance (p = 0.08 for
forest floor C, and p = 0.07 for forest floor PyC). Differences among severity levels for pre-fire and for post-fire measurements are described in the text.

classification, although differences among severity levels were  ecosystem C was quite small, ranging from 0 to 2.6% across the
evident only for the forest floor layer in the NPS substrate severity ~ different individual forest components (Tables 3-5). For the total
system (Table 4). The NPS substrate severity classification system  ecosystem, PyC accounted for between only 1.3 and 5.5% of total
indicated that the mass of C affected in the forest floor increased  ecosystem C across the three severity methods (Tables 3-5). The
with severity, and was more than two-fold greater in moderately =~ mineral soil PyC proportion of total ecosystem C showed a trend
burned areas relative to lightly burned areas (Table5). Our  of increasing with RS severity; however, the only statistically
calculations showed that C affected was only 0.93Mg ha~!  significant among-severity differences we observed within an
greater in moderately burned areas than lightly burned areas, but  individual forest component occurred for the forest overstory
this difference was statistically significant (Table 5). when using RS metrics. This showed greater PyC contribution
Across all severity classes, the proportion of fire-affected C  to total ecosystem C in areas of high severity relative to all other
transformed to PyC (PyC/CA) was greatest in the overstory (65%  severity levels (although the pairwise contrast between high and
of C affected), and 0-5cm mineral soil (34% of C affected),  moderate severity classes was only marginally significant at p =
relative to the other three forest layers (Table 3). The overall ~ 0.073; Table 3), and also for the forest overstory when using NPS
mean contribution of PyC to fire-affected C for the total  substrate metrics, with nearly 2-fold greater PyC contribution in
ecosystem was only 10% (Table 3). There were no statistically =~ moderately burned than in lightly burned areas (Table 5).
significant differences in PyC/CA among severity levels for L. . .
individual forest components for the RS and NPS vegetation Distribution of C and PyC in Burned
severity methods (Tables 3, 4). For the NPS substrate severity ~Mixed-Conifer Forest
metrics, our calculations indicated that mineral soil PyC/CA  When evaluating the distribution of post-fire forest C and PyC
was 32% greater in lightly burned areas relative to moderately = materials that are likely susceptible to subsequent fires, we found
burned areas (Table 5). The contribution of PyC to total post-fire  that 72-93% of total ecosystem C (as determined up to 5cm
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TABLE 3 | Post-fire PyC (estimated as PyCx7g via chemical oxidation) proportions of post-fire C, C affected, and post-fire total ecosystem C for plots measured before

and after fire in mixed-conifer forest type.

Fire severity (remote sensing)

Stratum Overall (n = 29) Unchanged (n = 1) Low (n = 8) Moderate (n = 11) High (n = 9)
PyC/postfire C (%)

Overstory 1.24(0.22) 0.19(-) 0.61(0.27)° 1.16(0.40)2° 2.02(0.332
Understory and herb 0.00(0.00) 0.00(-) 0.00(0.00) 0.00(0.00) 0.00(0.00)
Downed wood 31.51(1.35) 27.86(—) 31.97(2.70) 32.16(1.88) 30.09 (3.69)
Forest floor 19.34(0.19) 19.18(-) 19.19(0.01) 19.60(0.42) 18.94(0.24)
Mineral soil 0-5cm 10.34(0.25) 11.10(—) 9.93(0.65) 9.87(0.39) 11.18(0.30)
Total ecosystem 3.85(0.57) 1.26(—) 3.90(1.59) 3.39(0.85) 4.66(0.67)
C affected (Mg ha™1)

Overstory 6.25(1.98) 0.55(—) 3.20(2.29) 8.95(4.58) 6.30(2.32)
Understory and herb 1.57(0.47) 0.01(-) 0.11(0.06) 2.44(0.79) 1.98(1.09)
Downed wood 20.63(5.35) 6.25(—) 38.48(16.13) 11.70(3.45) 17.26(7.10)
Forest floor 26.44(3.17) 16.94 (—) 31.71(7.58) 20.09 (4.38) 30.58(5.16)
Mineral soil 0-5cm 5.00(0.53) 5.54(—) 4.42(0.61) 3.94(0.42) 6.74(1.44)
Total ecosystem 60.15(6.94) 29.45(—) 79.16(17.04) 46.85(9.91) 62.93(9.25)
PyC/CA (%)

Overstory 64.88(7.23) 100.00(—) 86.30(12.11) 65.09 (13.67) 41.70(8.13)
Understory and herb 0.00(0.00) 0.00(-) 0.00(0.00) 0.00(0.00) 0.00(0.00)
Downed wood 8.60(2.58) 10.89(—) 5.26(1.91) 7.67(1.95) 12.34(7.67)
Forest floor 2.72(0.72) 6.14(—) 3.12(1.64) 3.64(1.22) 0.97 (0.94)
Mineral soil 0-5cm 34.30(3.11) 25.38(—) 35.04(6.03) 37.67 (4.69) 30.89 (6.44)
Total ecosystem 10.43(1.42) 13.01(—) 8.89(1.86) 9.92(1.78) 12.08(3.71)
PyC/Tot Eco C (%)

Overstory 0.88(0.14) 0.18(-) 0.40(0.12)° 0.72(0.12)8b 1.57(0.31)2
Understory and herb 0.00(0.00) 0.00(-) 0.00(0.00) 0.00(0.00) 0.00(0.00)
Downed wood 0.75(0.29) 0.22(-) 1.33(0.98) 0.62(0.25) 0.45(0.26)
Forest floor 0.40(0.13) 0.34(-) 0.39(0.17) 0.47(0.20) 0.34(0.34)
Mineral soil 0-5cm 1.57(0.33) 0.46(-) 1.16(0.66) 1.51(0.47) 2.12(0.70)
Total ecosystem 3.85(0.57) 1.26(—) 3.90(1.59) 3.39(0.85) 4.66(0.67)

Data presented are means (+s.e.) for measurements within forest component, and for total ecosystem (canopy to 5 cm mineral soil depth), shown by fire severity level classified using
remote sensing (dNBR). Lowercase letters indicate statistically significant (p < 0.05) differences among fire severity levels within rows.

mineral soil depth) occurs in the forest overstory, and up to
24% occurs in the 0-5cm mineral soil layer (Figure 6A). In
contrast, <3% of post-fire ecosystem C occurred in either the
understory, downed wood, or forest floor (including ash layer)
pools, when considering the grand mean across all severity
classes (Figure 6A). The 0-5 cm mineral soil layer accounted for
the greatest proportion of PyC out of total post-fire ecosystem
PyC stocks, contributing 40% of total ecosystem PyC across all
severity levels (Figure 6B). The overstory contributed 29% of
total ecosystem PyC, whereas only 18 and 12% of ecosystem
PyC occurred in the downed wood and forest floor, respectively
(Figure 6B). The contribution of forest floor PyC to total
measured PyC stocks decreased with increasing severity levels for
all systems, whereas there was no clear pattern of change across
NPS vegetation severity levels.

Between pre-fire and post-fire samples, our results indicated
a loss of C and net loss of PyC from the forest floor (post-fire
samples included the ash layer as part of the post-fire forest floor).
Contrary to our expectations, the mass fraction of PyC in forest

floor mass did not show an increase between pre-fire (30 g kg~!)
and post-fire (25g kg~!) samples, whereas the contribution of
PyC to forest floor C increased from 8.46 to 19.6% between pre-
fire and post-fire sampling events. The overall mass fraction of
PyC in mineral soil was 6 g kg™! pre-fire and 5g kg™! post-fire,
contributing only 15 and 13% of mineral soil C pre- and post-fire,
respectively (data not shown).

DISCUSSION

Our study provides data on three primary ways that fire affects
forest C: C emissions; PyC formation, and C transfer from
live to dead biomass pools. The lack of available data for PyC
from a full range of fire-prone forest types has been a challenge
identified in the literature, especially in regards to data needed
for modeling fire and carbon dynamics (North et al., 2009; Liu
et al,, 2011). Important advancements in providing this much-
needed data (Bird et al., 2015; Santin et al., 2015a; Reisser
et al, 2016) led to a recent modeling study of global PyC
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TABLE 4 | Post-fire PyC (estimated as PyCx7g via chemical oxidation) proportions of post-fire C, C affected, and post-fire total ecosystem C for plots measured before

and after fire in mixed-conifer forest type.

Fire severity (NPS vegetation metrics)

Stratum Unburned (n = 1) Scorched (n = 6) Lightly burned (n = 6) Moderately burned (n = 3) Heavily burned (n = 13)
PyC/postfire C (%)

Overstory 0.38(-) 1.24(0.74) 1.16(0.33) 0.93(0.47) 1.42(0.33)
Understory and herb 0.00(-) 0.00(0.00) 0.00(0.00) 0.00(0.00) 0.00(0.00)
Downed wood 39.00(-) 32.03(2.98) 36.29(2.71) 28.99 (5.99) 28.84(1.79)
Forest floor 19.18(—)3 19.74 (0.56)20 19.18(0.00)2° 19.18(0.00)% 19.12 (0.09)°
Mineral soil 0-5 cm 8.94(-) 9.66 (0.45) 11.04(0.51) 9.97(1.02) 10.51(0.39)
Total ecosystem 1.96(—) 5.48(2.15) 3.74(1.20) 4.28(0.87) 3.20(0.59)
C affected (Mg ha=1)

Overstory 1.29(-) 6.22(3.54) 1.15(0.54) 3.06(2.07) 9.74(3.92)
Understory and herb 0.002 ()P 1.37(0.88)20 2.77(1.5572 4.27(1.9972 0.60(0.34)2
Downed wood 2.69(-) 37.07 (21.81) 7.21(2.39) 13.26 (2.47) 22.32(5.96)
Forest floor 32.73(-) 12.76 (4.07) 31.41(10.75) 18.45 (4.70) 31.82(3.74)
Mineral soil 0-5cm 3.34(-) 4.04(0.48) 4.88(0.42) 7.70(4.37) 4.99(0.69)
Total ecosystem 39.91(-) 61.70(24.07) 46.86(11.82) 46.96 (9.65) 70.18(9.34)
PyC/CA (%)

Overstory 100.00(-) 62.01(19.22) 83.68(13.55) 50.43 (24.11) 57.05(10.50)
Understory and herb 0.00(—) 0.00(0.00) 0.00(0.00) 0.00(0.00) 0.00(0.00)
Downed wood 12.51(-) 8.40(2.76) 2.36(0.91) 3.19(3.19) 12.10(5.24)
Forest floor 14.00(-) 4.67(1.22) 0.86(0.50) 5.11(5.11) 1.44(0.76)
Mineral soil 0-5 cm 39.62(-) 35.34(3.18) 33.25(5.53) 27.17 (12.45) 34.99(6.01)
Total ecosystem 18.51 (=) 11.57(2.27) 9.71(4.22) 10.48 (3.94) 9.61(2.15)
PyC/Tot Eco C (%)

Overstory 0.34(-) 0.53(0.13) 0.75(0.20) 0.78(0.39) 1.16(0.27)
Understory and herb 0.00(—) 0.00(0.00) 0.00(0.00) 0.00(0.00) 0.00(0.00)
Downed wood 0.09(—) 2.11(1.28) 0.25(0.11) 0.63(0.32) 0.42(0.18)
PyC/postfire C (%)

Forest floor 1.21(-) 0.38(0.13) 0.20(0.12) 1.11(0.66) 0.28(0.23)
Mineral soil 0-5 cm 0.35(—) 1.68(0.84) 2.62(1.06) 1.66 (0.45) 1.10(0.38)
Total ecosystem 1.96(—) 5.48(2.15) 3.74(1.20) 4.28(0.87) 3.20(0.59)

Data presented are means (+s.e.) for measurements within forest component, and for total ecosystem (canopy to 5 cm mineral soil depth), shown by fire severity level classified in the
field post-fire using NPS vegetation metrics. Lowercase letters indicate statistically significant differences among severity levels, within row.

cycling in contrasting climate scenarios, although the authors
still emphasize that the relatively limited existing data cause
uncertainties in their estimates (Landry and Matthews, 2017).
Our study contributes to advancements in data availability by
providing measurements of direct effects of fire on forest C and
PyCcrr for each forest component susceptible to fire impacts,
in a widespread forest type in the western US that historically
experienced frequent fires of primarily low- to moderate-severity
(Van de Water and Safford, 2011). This dataset is unique
because it provides pre- and post-fire measurements for plots
across five active wildfire incidents, and allows comparison
of fire impact across severity levels using three contrasting
systems for classifying the magnitude of fire’s impacts in forested
ecosystems. To our knowledge, this is the first study using
measurements collected very close to the timing of actual
burning in active wildfire incidents (i.e., in contrast to prescribed
fire studies and to wildfire studies relying only on post-fire

measurements) to determine direct impacts of fire on forest
C and PyC.

Wildfire Impacts on Aboveground Forest C
and PyC

Much concern exists about the increasing scale of high-severity
fires in this and similar forest types of the western US as
well as globally (Attiwill and Binkley, 2013; Stephens et al,
2013; Millar and Stephenson, 2015), but limited information
exists about how increases in wildfire severity will affect forest
C emissions during fire, or potential for C stabilization as
PyC. The majority of forest C in our study (overstory to 5cm
mineral soil depth) occurred in the forest overstory; however,
the contribution of the overstory to C emissions during fire was
relatively low compared to C lost from the downed wood and
forest floor components, which contributed the most to total
C affected by fire. The more frequent occurrence of statistically
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TABLE 5 | Post-fire PyC (estimated as PyCx7g via chemical oxidation)
proportions of post-fire C, C affected, and post-fire total ecosystem C for plots
measured before and after fire in mixed-conifer forest type.

Fire severity (NPS substrate metrics)

Stratum Lightly burned Moderately
(n=10) burned (n = 19)
PyC/postfire C (%)
Overstory 1.06(0.45)b 1.34(0.24)a
Understory and herb 0.00(0.00) 0.00(0.00)
Downed wood 32.32(2.29) 31.06(1.72)
Forest floor 19.61(0.42) 19.13(0.05)
Mineral soil 0-5 cm 8.96(0.44)b 11.06(0.13)a
Total ecosystem 4.56(1.36) 3.48(0.52)
C affected (Mg ha~1)
Overstory 2.88(1.55) 8.03(2.86)
Understory and herb 2.32(0.88) 1.17(0.55)
Downed wood 25.51(12.83) 18.06 (4.86)
Forest floor 14.90(2.95)b 32.51(3.95)a
Mineral soil 0-5cm 4.39(1.36)b 5.32(0.42)a
Total ecosystem 50.14(12.67) 65.43(8.21)
PyC/CA (%)
Overstory 74.53(12.01) 60.30(9.03)
Understory and herb 0.00(0.00) 0.00(0.00)
Downed wood 7.50(2.17) 9.12(3.69)
Forest floor 4.86(1.72) 1.71(0.60)
Mineral soil 0-5cm 41.00(5.00)a 31.12(3.79)b
Total ecosystem 11.34(2.03) 10.00(1.89)
PyC/Tot Eco C (%)
Overstory 0.58(0.13)b 1.03(0.20)a
Understory and herb 0.00(0.00) 0.00(0.00)
Downed wood 1.41(0.80) 0.40(0.13)
Forest floor 0.55(0.24) 0.33(0.16)
Mineral soil 0-5cm 1.56(0.52) 1.57(0.43)
Total ecosystem 4.56(1.36) 3.48(0.52)

Data presented are means (+s.e.) for measurements within forest component, and for
total ecosystem (canopy to 5 cm mineral soil depth), shown by fire severity level classified
in the field post-fire using NPS substrate (forest floor and mineral soil) metrics. Lowercase
letters in plain font indicate differences significant at p<0.05, whereas letters in italicized
font indicate marginal significance (p < 0.10).

significant effects of fire on C in forest components closer to the
ground (i.e., progressing from forest overstory to the understory,
herbaceous vegetation, downed wood, and forest floor layers)
indicates greater magnitude of relative change in C stocks in
lower forest components. Our results indicated that although
these fires caused an overall loss of 54.8 + 6.6Mg ha~! C to
the atmosphere, there was no clear pattern of increased C loss
with fire severity. Even though more than half of the different
forest C pools we measured showed significant differences in
C stocks between pre- and post-fire measurements, the lack of
overall difference in total ecosystem C stocks was caused by the
relatively minimal loss of C from the overstory, which was by far
the largest C pool before and after fire. The overstory is mostly
unaffected by fire because the main component of mass (and
C) is the standing live tree stems. Because the majority of trees

in our study areas were alive at the time of fire, PyC in the
overstory was formed primarily as charred bark. Although these
fires killed 74% of trees overall, charring of stemwood occurs only
when the stemwood tissue is dead and exposed (i.e., exposed dead
wood present on a live tree), or when trees are dead prior to fire
(personal observation). Therefore, the effects of fire on overstory
C are typically limited to the foliage and fine branches, which
comprise a relatively small proportion of overstory C.

Similar to our results, Meigs et al. (2009) reported overall C
emissions of 22% of forest C across severity levels in mixed-
conifer and ponderosa pine (P. ponderosa) forests in Oregon,
USA and no differences in post-fire total ecosystem C among
severity levels, using the same approach we used for RS severity.
However, their measurements were taken 4-5 years post-fire
and they attributed the lack of change in total ecosystem
C to increased vegetation production post-fire, whereas our
measurements taken nearly immediately post-fire capture direct
effects of fire. Although their study did not address erosion, they
observed no evidence of severe erosion between burned and
unburned sites. In contrast to our results, the modeling approach
used by Meigs et al. (2009) indicated that C emissions increased
with fire severity.

In general, post-fire overstory PyCcrr stocks exhibited the
strongest trend toward increased stocks across fire severity
gradients. Maestrini et al. (2017) also observed greater PyCcrr
stocks in areas classified as high severity relative to low-to-
moderate severity using remote sensing metrics, in another
mixed-conifer forest 3 years after fire. These patterns result from
greater charring on tree stems (i.e., indicating greater flame
height) in higher severity areas relative to lower-severity areas,
but fire effects and severity are influenced more by total heat
output, maximum temperature, and/or duration of heating than
by fire intensity, especially for soils (Hartford and Frandsen,
1992; Keeley, 2009). Although the greatest losses of PyCcrr
in our study occurred from the two largest pre-fire PyC pools
(i.e., forest floor and mineral soil), there was a net gain of total
ecosystem PyCcrg, overall and for most of the individual fire
severity levels, as a result of gains in the overstory and downed
wood components.

Wildfire Impacts on Organic Horizon and
Mineral Soil C and PyC

The gains observed in the forest overstory and downed wood
components, compared to the PyCcrr losses observed from
the forest floor and 0-5cm mineral soil support previous
observations that although fires have created PyC for millennia,
PyC can also be consumed during fire (Santin et al., 2013; Saiz
et al., 2014). Our results on the magnitude of PyC loss during
fire are much greater than loss estimates presented by Santin
etal. (2013), who used two size classes of macroparticle jack pine
(P. banksiana) wood charred during a pile burn to determine
loss in subsequent fire by exposing particles to a prescribed
burn, and others to laboratory heating in a muffle furnace. In
contrast, the pre-fire forest floor PyC in our study system likely
represents a greater diversity of natural PyC types and particle
sizes, which contribute to a total PyC pool formed incrementally
over multiple (presumably low- to moderate-severity) fires prior
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FIGURE 6 | (A) Proportions of total measured ecosystem C stocks contributed by C stocks in each forest component; (B) proportions of total measured ecosystem
PyC stocks contributed by PyC stocks in each forest component (for PyC estimated as PyCo7Rr via chemical oxidation), in post-fire mixed-conifer forest, shown by fire
severity levels classified using remote sensing and field observation (vegetation, substrate) approaches. Total ecosystem PyC and C stocks included the 0-5cm
mineral soil depth increment to the tree layer, to represent the pool of C most directly exposed to fire or heating during fire. Severity abbreviations follow those given in
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to the time that US fire suppression policy began. Small or
microscopic PyC in our study would be present inside the forest
floor, and likely would have experienced greater combustion and
loss, especially given that this region was in a prolonged drought
when the fires occurred. It is also possible that the chemical
oxidation method we used may overestimate PyC in pre-fire
samples; for example, Maestrini and Miesel (2017) determined
that 5.4% of C in unpyrolyzed pine needle material may be
erroneously indicated as PyC using this method. Assuming that
100% of the pre-fire forest floor material was derived from pine
needle litter, this would translate to an over-estimation of 1.6
+ 0.2Mg ha~! PyC in the pre-fire forest floor, and an over-
estimation of PyC loss of 0.4 Mg ha™! between pre- and post-fire
measurement events.

Because our study measured forest floor C and PyCcrr stocks
before rainfall occurred, our results overestimate the pool of PyC
that will persist in the ecosystem and/or become incorporated
into mineral soil. However, even the PyC produced during these
fires and eroded and deposited elsewhere in the landscape—or
ultimately in aquatic and marine sediments—still represents a
C pool with increased chemical stability relative to the original
biomass materials. PyC fluxes between sites do not represent
PyC losses at larger scales (Santin et al., 2016). In efforts to
quantify the role of fires and PyC in global C cycles it will be
important to avoid double accounting issues that may arise if
estimates of direct formation during fire (such as we present
here) are coupled with PyC stock estimates obtained in older
fire sites that have already experienced PyC loss via erosion.

The lack of change in PyCcrr mass fraction of forest floor
material in our study was likely caused by the presence of mineral
ash present in the post-fire residual forest floor material, much
of which erodes downslope and/or downstream during post-
fire rainfall events (Bodi et al., 2014). Some proportion of the
lightweight/transient mineral ash component likely would have
been omitted if we had collected the post-fire forest floor samples
at a later time after fire, and especially after rainfall and/or
significant erosion events. For example, results from Maestrini
etal. (2017) indicate increased PyCcrr concentration in post-fire
forest floor mass collected 3 years post-fire, relative to unburned
areas. Although forest soil is a major C pool, the depth of
heat penetration into mineral soil (and consequently the impact
on soil properties) depends on the amount of heat produced
as well as its duration, which are influenced by aboveground
fuel load (Massman et al., 2010; Bento-Gongalves et al., 2012;
Massman, 2012). Significant heating at depths greater than a
few centimeters is unlikely during fire, except in localized areas
of heavy fuel load (Neary et al., 2008; Bento-Gongalves et al.,
2012), or where duff is consumed (Hartford and Frandsen,
1992). Our study limited estimates of total ecosystem C to the
upper 5 cm of mineral soil to best represent the forest ecosystem
components that typically experience direct impact from fire,
rather than sampling to greater depth where the effects of fire
may be diluted. The statistically significant 23% overall loss
of total C and PyCcrgr from the 0 to 5cm mineral soil layer
suggest that total C and PyCcrr in the uppermost mineral
soil were either consumed by fire, or lost via convection of
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fine mineral particles (Bormann et al., 2008; Homann et al.,
2011).

Our measurements indicating loss of C and PyC from the
upper mineral soil agree with those of Bormann et al. (2008),
Homann et al. (2011), and Pingree et al. (2012) from similar
mixed-conifer forests, and contrast with the general assumption
that fire has minimal impacts on mineral soil C (for example, see
reviews from Certini (2005) and Gonzalez-Pérez et al. (2004). The
apparent discrepancy can be explained by differences in sampling
depth, as most studies have investigated mineral soil C to >5cm
sampling depth. For example, Buma et al. (2014) sampled mineral
soil to 10 cm in a mixed forest 9 years after wildfire in subalpine
mixed conifer forest in Colorado, USA and found no effect of
fire on C stock, and Miesel et al. (2015) found no effect of fire
on 0-10 cm mineral soil C in southern boreal forest. In contrast,
Homann et al. (2011) reported a loss of 10-50% (depending on
the pre-fire forest management) of mineral soil C stock in the
upper 6 cm after wildfire in an Oregon Douglas-fir (P. menziesii)
forest, and estimates from Campbell et al. (2007) indicate 2-8%
loss of C in the top 10 cm mineral soil in an Oregon mixed conifer
forest, where surface temperatures of >700°C were recorded
during fire. They remarked that ... it is also reasonable to believe
that soil carbon could have completely combusted to depths of
up to 5cm or that complete combustion never exceeded 2cm.”
(Campbell et al., 2007). Therefore, although there are multiple
literature reports that fire does not decrease mineral soil C stock,
an actual decrease in C stock may be observed if the analysis is
limited to the first few centimeters of the mineral soil, where SOM
is more likely to be directly impacted during the fire.

Losses of this magnitude from the mineral soil seem surprising
because the substrate severity at all plots was classified either as
only lightly burned or moderately burned, even while the physical
post-fire forest floor samples consisted primarily of mineral
ash, with few to no recognizable plant-derived structures. The
explanation for the apparent disparity in our results is likely based
on the much broader scale of substrate severity classification
in the plots relative to the location of forest floor and mineral
soil samples. Because soil sampling was time-consuming during
potentially hazardous pre-fire sampling, only a few physical
samples per plot could be collected and it would be challenging
to substantially increase the pre-fire soil sampling intensity. It is
also possible that the substrate severity classification system has
low accuracy for characterizing impacts on C and PyC pools.
Because our fuels data were collected for the plot scale, we do
not have spatially explicit relationships between downed wood
biomass and C or PyCcrr loss from soil at the scale of soil sample
locations. However, Weichman et al. (2015) found no correlation
between PyC stock and distance (up to 60cm) from charred
logs 12 years after a prescribed fire in mixed conifer forest.
They suggest that charcoal shed from large-diameter downed
wood either takes more than a decade to slough off the bark,
or is rapidly redistributed away from the logs. Therefore, we
recommend that future studies assess post-fire substrate severity
level and woody fuel load at the precise soil sampling locations,
immediately before collecting the physical samples, to maximize
agreement between changes in C and PyCcrr concentrations
and observed substrate severity. Finally, it is also possible that

a systematic bias may have also influenced our mineral soil C
results, i.e., if the combustion of the duff (O.+0,) layer reduced
subjectivity in identifying the boundary between the organic layer
and mineral soil, relative to pre-fire conditions, leading to post-
fire samples being collected from a slightly lower depth than
pre-fire samples. However, the same team of individuals collected
both sets of samples within fires.

Our results indicate that mineral soil provides a large
proportion of total ecosystem PyCcrr even after fire. This agrees
with Buma et al. (2014), who used the same PyCcrr method
we did to investigate total C and PyC stocks in high-severity
burn areas. Their results contrast with our in that they found
significantly less PyC in the 0-10 cm mineral soil in unburned
reference areas compared to burned areas. Previous estimates
have shown that PyC contributes between <1 and 60% of total
soil organic C in mineral soils of conifer forests (Preston and
Schmidt, 2006; DeLuca and Aplet, 2008; Reisser et al., 2016).
PyC formed in aboveground components of forests and in the
forest floor during fire provides a source of input into mineral
soil, where it has potential to become further stabilized via
physical protection and influence soil physical, chemical and
biological properties (DeLuca et al., 2006; MacKenzie et al,
2008; Ball et al., 2010; Bird et al., 2015), and, ultimately, post-
fire forest recovery (MacKenzie et al, 2008; Makoto et al,
2011).

This and previous studies suggest that fire and fire severity
influences the distribution of PyC in forests, although PyC stocks
in mineral soil likely reflect inputs from past fires occurring over
long time periods rather than recent single fire events (DeLuca
and Aplet, 2008; Miesel et al., 2015; Reisser et al., 2016). Over
time, PyC can be added to the newly re-developing forest floor
layer as charred bark separates from fire-killed tree stems and falls
to the ground surface. We expect that PyC from charred downed
wood will also become incorporated into the re-developing forest
floor layer and possibly the mineral soil, depending on the rate
of physical fragmentation of charred downed wood. The downed
wood pool of forest C will also increase over time as fire-killed
trees fall to the ground, providing woody fuel for subsequent
fires. Thus, the pattern of increased tree mortality across fire
severity gradients we observed in this study may contribute to
greater C release during a subsequent fire. Although we would
assume that greater downed wood biomass would also result in
greater impacts to forest floor and mineral soil C, pre-fire downed
wood biomass was not a significant covariate in our analyses of
C affected in forest floor or mineral soil, for any of the severity
classification systems (although it was marginally significant at p
< 0.10 in the analysis using NPS substrate severity metrics).

Evaluation of Contrasting Fire Severity

Metrics

Efforts to define and classify fire severity are relatively recent, and
the diverse existing metrics each have strengths and weaknesses
when evaluating the type and magnitude of fire effects within
specific ecosystem components, and for the total ecosystem.
Keeley (2009) emphasizes that remote sensing has limited ability
to predict ecosystem response, and recommends using field
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studies to better interpret ecosystem response across remote
sensing-derived severity levels. Our results showed that neither
post-fire total ecosystem stocks, nor the magnitude of stock
change due to fire, corresponded well with remotely sensed
estimates of fire severity, for either total C or PyCcrg. The
presence of pre-existing (pre-fire) differences in C stocks among
areas classified with contrasting fire severity levels indicates
that knowledge of pre-fire forest conditions is important for
interpreting fire impacts. Our study shows that using post-
fire severity estimates does not give a complete picture of fire
effects on forest C; for example, areas classified as high severity
using RS imagery were not necessarily associated with greater C
losses, or greater PyCcrr gains or losses. Low agreement between
field-estimated severities and RS severities can result from mis-
alignment due to the registration accuracy of satellite images,
the location of field plots relative to mapped severity polygons,
variability in fire effects within the 30 m pixel scale of Landsat-
derived images, and the proportion of ground covered by ash
(Miller and Quayle, 2015).

The high tree stem density yet low tree biomass and C,
combined with high pre-fire seedling and shrub C stocks, in
areas classified as moderate and high RS severity are an example
of the limitations of this approach that challenge efforts to
extrapolate fire severity to C release across broader scales. In
particular, relatively low agreement among the three types of
severity classification indicates that fire severity determined from
RS metrics may not be a good indication of impacts to the organic
and mineral horizons of soil, where the majority of PyCcrr
occurred. In contrast, Kolka et al. (2017) reported that forest
floor C loss increased with soil burn severity after a wildfire
in southern boreal forest in Minnesota, USA, and combined
remote sensing with field observations of burn severity to scale
up plot-level measurements to whole-fire C emissions. Although
Meigs et al. (2009, 2011) extrapolated C emissions across severity
levels in a similar forest type to our mixed-conifer sites, our
results highlight some of the challenges likely to arise in efforts
to predict C loss at large scales, given the variability at smaller
scales (among plots within severity level, and among individual
ecosystem components) and poor differentiation among severity
levels.

The RS severity classifications we used represent composite
impacts of fire across forest components including soil and
surface char, but are heavily weighted to vegetation. Greater
uncertainty in the low- and moderate-severity classes (relative
to high-severity) results from fire effects on surface vegetation
and substrate being obscured by live canopy cover (Miller and
Thode, 2007; Meigs et al., 2009, 2011; Miller et al., 2009a), and this
uncertainty may contribute to difficulty resolving differences in
C stocks and losses among severity classes. Landsat-based indices
of fire effects correlate well with forest overstory characteristics,
and can show relatively good relationships with understory
vegetation and soil severity when canopy severity is also high;
however, the correlations with surface severity weaken when
there is high post-fire live vegetation cover (Hudak et al., 2007;
Robichaud et al., 2007).

Our results showing that C emissions from forest floor
combustion can be high even in areas of relatively low severity

and low change in component C stocks or overstory mortality
agree with studies in similar forest types (Campbell et al., 2007;
Meigs et al., 2011), and illustrate that fire also creates vertical
heterogeneity in terms of effects on forest C. Our observations
of large differences in pre-fire overstory and understory C stocks
between plots burned at low RS severity vs. those burned at
moderate or high RS severity also illustrate that loss of shrub
or seedling cover, not just tree cover, can also contribute to
classification as high severity (Miller et al., 2009a). A relatively
high number of smaller trees contributed to the high pre-fire live
tree stem density in these areas.

In general, the NPS vegetation severity metrics corresponded
with patterns of C loss in the understory (seedling and shrub),
and for the downed wood components, whereas NPS substrate
severity metrics corresponded with the magnitude of forest floor
C and PyCcrr loss, and with tree mortality. Together, our results
show that the influence of severity level on the magnitude of
change in C or PyCcrr in a burned forest depends on the
ecosystem component(s) being evaluated. Our study shows that
any one of these published methods does not show strong
informative potential for evaluating whole-ecosystem impacts of
fire, at least for forest C and PyCcrr and for our sites representing
single fire events.

Additional Data Needs

Continued efforts to improve accuracy in ecosystem and global
C accounting, especially in the context of changes in historic
disturbance regimes, depends on the availability of information
on PyC stocks and distribution in burned forests (Lehmann et al.,
2008; Stockmann et al., 2013; Santin et al., 2015b). Additional
data are needed to advance the research community’s ability
to quantify fire’s impact on forest C and PyC. For example,
knowing how to best characterize fire severity within and across
ecosystem components and scales will be important for relating
fire impacts to forest C pools, and to short- and longer-term
C flux to the atmosphere. Although significant advancements
in standardizing severity assessments have been made in recent
years, data on ecosystem response (i.e., process rates) remains
much more limited and will be essential for understanding how
shifts in fire regimes are likely to affect the pattern and timeframe
of forest recovery.

Greater resolution in charring depth and extent in downed
wood across standard woody fuel size classes would improve
estimates of PyC stocks. Standard methods have been developed
but can be time-consuming (Lutes et al., 2006; Donato et al.,
2009) and are therefore not suitable for use in active fire
situations such as our study used. Standardization of methods for
quantifying PyC in environmental samples remains challenging
(see Zimmerman and Mitra, 2017): we presented PyCcrr
estimates based on a chemical oxidation method for all forest
components, whereas visual quantification of post-fire charred
bark or forest floor samples would have indicated near-total
quantification of mass as charred material or “black ash” (Bodi
et al.,, 2014). However, our chemical analyses showed that the
C and PyC mass fractions were much lower than expected.
Weather conditions during a fire may also influence where
particulate matter—including PyC particles—become deposited,
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and longer-term conditions such as drought can influence fuel
moisture content and, therefore, the amount of C emitted vs.
converted to PyC. Finally, information on the rate of PyC transfer
across forest components over time after fire—especially in
areas of contrasting fire severity using any severity classification
system—remains limited, and represents an important area of
research need in ongoing efforts to understand the full life
cycle of C and PyC in fire-affected ecosystems. Additional
whole-ecosystem investigations of PyC stocks will improve our
understanding of PyC production in vegetation fires, and its
role in the global C and PyC budgets. These data will become
increasingly important given the ecologically important role
of fires historically in this ecosystem type, and the expected
increases in warming temperatures and record-setting droughts
in the future (Belmecheri et al, 2016). These factors will
likely contribute to increased burn severity and PyC formation
conditions that differ from historical fires in ways that influence
the physical and chemical persistence of PyC, and its role in
ecosystem processes.

CONCLUSIONS

Our study evaluated fire effects on forest C and PyCcrr using
pre- and post-fire measurements and samples from plots across
five wildfire incidents in California mixed-conifer forest that
occurred during drought years. This study is unique in that
we were able to install and re-measure study plots within days
before and after fire, by working within the US wildfire incident
management system to access active wildfire incidents. Our
results indicated that even severe fire effects to an ecosystem
during drought years may not directly relate to major forest
C loss during a given fire, because the ecosystem components
consumed during fire represent a small proportion of forest C.
Stabilization of C as PyC was also relatively minor. However,
tree mortality converted the largest pool of forest C from the live
to dead tree pool. Extensive tree mortality raises concern about
a delayed relationship between fire severity and C emissions
because overstory C in fire-killed trees, when transferred to
the downed wood pool, will be available for major release
in a subsequent fire. Thus, C emissions may be influenced
more by the severity of past fire events than the severity of a
current fire. Extensive mortality caused by increasingly large and
high-severity fire raises concern about the potential for altered
successional trajectories and ecosystem type conversion (Hurteau
and Brooks, 2011; Loudermilk et al., 2013), with consequences
for the rate of C uptake and, ultimately, C sequestration by
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