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Fire affects the quantity and quality of soil organic matter (SOM). While combustion of

the O-horizon causes direct losses of SOM, fire also transforms the remaining SOM

into a spectrum of thermally altered organic matter. Pyrogenic carbon (PyC) can resist

degradation and may have important effects on soil carbon cycling. The objectives of this

study are to examine the mobility of PyC. Studying the effects of wildfire is challenging

due to the rapid post-fire changes in the ecosystem and lack of robust controls. We

overcame those limitations by examining the Chimney Tops 2 Fire which burned 4,617 ha

of the Great Smoky Mountains National Park (GRSMNP), including a National Ecological

Observatory Network (NEON) site, in November 2016. We examined PyC in soils from

three time points from an area burned at low-severity (pre-, immediate post-, and 11

months post-fire) and two time points from areas burned at lower to higher severity

(immediate post- and 11 months post-fire). At locations with pre-fire soil samples we

found that PyC increased in the O-horizon (2.22 g BPCA/kg soil) after low severity fire,

which resulted in higher PyC concentrations at 5–10 cm (0.73 g BPCA/kg soil and 17.79 g

BPCA/kg C) and 10–20 cm (12.19 g BPCA/kg C) of depth in the mineral soil. Sites burned

at higher severity had more PyC in the O horizon relative to sites burned at lower severity

(10.29 g BPCA/kg soil and 29.89 g BPCA/kg C). As a result of higher concentrations of

PyC in the O-horizons burned at higher severity, statistically more PyC moved from the

O-horizon to the 0–10 cm horizon from immediate to 1-year post-fire (1.37 g BPCA/kg

soil and 16.10 g BPCA/kg C). Lastly, the depth profile of C and BPCA suggest a shift in

the source and amount of PyC in these soil profiles over time—possibly as a result of fire

suppression. Results indicate that low severity fire may be an important mechanism by

which PyC is produced and transported into mineral soils.
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INTRODUCTION

As the largest terrestrial carbon (C) reservoir, soils are a major
component of the global carbon cycle (US Department of Energy
Office of Science, 2009). Global fluxes of soil carbon occur on
a massive scale, with microbial decomposition of soil organic
matter (SOM) transferring ∼60 GT of carbon from soils to
the atmosphere on an annual basis (US Department of Energy
Office of Science, 2009). The balance between the carbon output
of microbial decomposition and the carbon inputs from roots
and above ground biomass determine whether soils act as
either a carbon source or a carbon sink (Zomer et al., 2017).
Consequently, due to the scale of C fluxes into and out of the
soil, even a relatively small change in SOM decomposition rates
can have a large impact on whether soils are a net sink or source
of C to the atmosphere.

One of the largest unknowns in SOM research is the role
of thermally-altered organic matter or pyrogenic carbon (PyC)
in soil carbon storage (Preston and Schmidt, 2006; Schmidt
et al., 2011; Santín et al., 2016). PyC is a broad term that
refers to a spectrum of thermally altered organic matter formed
through biomass burning or fossil fuel combustion (Schmidt
and Noack, 2000; Preston and Schmidt, 2006; Singh et al.,
2012; Bird et al., 2015). This spectrum of material, which
encompasses a heterogeneous mixture of fire-altered residues
that differ in physical size, formation temperature, chemical
composition, resistance to degradation, and mechanism of
formation (Masiello, 2004; Bird et al., 2015), plays a key role
in soil carbon cycling. PyC is ubiquitous in both terrestrial
and aquatic environments, making up an estimated 6% of the
carbon in marine sediments (Masiello and Druffel, 1998), 10% of
dissolved organic carbon fluxes to world oceans (Jaffé et al., 2013),
and 14% of SOM (Reisser et al., 2016). Moreover, PyC is believed
to decompose more slowly than unburned organic matter, with
mean residence times on the order of multiple centuries rather
than years or decades (Preston and Schmidt, 2006; Czimczik
and Masiello, 2007; Bird et al., 2015). However, recent studies
have suggested that PyC may cycle more rapidly under certain
conditions depending on its physical and chemical interactions
with the soil environment (Hockaday et al., 2006; Zimmermann
et al., 2012; Lutfalla et al., 2017; De La Rosa et al., 2018). Given

that the frequency and scale of wildfires are projected to continue
to increase in the coming years due to the hotter, drier conditions

associated with climate change (Dennison et al., 2014; Jolly et al.,
2015; Abatzoglou and Williams, 2016), both the concentration

of PyC on the landscape and the role that PyC plays in soil
carbon cycling are also likely to increase. Thus, it is crucial that

we develop amore complete understanding of the amount of PyC
produced under different fire conditions as well as the movement
of PyC and its interactions with the soil environment.

A great deal of research has been done to quantify and
characterize the amount of PyC present in soil after a fire
(Czimczik et al., 2005; Certini et al., 2011; Boot et al., 2015; Abney
et al., 2017; Huang et al., 2018); however, there are several key
gaps in the literature. Due to the unpredictable nature of fire,
very few studies are able to make comparisons to pre-fire data
(Abney et al., 2017; Doerr et al., 2018). Nearby unburned plots

are typically used as references in such cases, but these plots may
not be similar enough to draw comparisons, particularly in the
case of low severity fire where it is unclear whether differences
in pre-fire PyC concentrations have biased results (e.g., Czimczik
et al., 2003; Boot et al., 2015). Additionally, only a few studies have
compared the effects of low-severity and high-severity fire on soil
PyC concentrations (Boot et al., 2015; Doerr et al., 2018; Huang
et al., 2018). While a number of researchers have examined the
effects of erosion on PyCmovement (Rumpel et al., 2006; Cotrufo
et al., 2016; Abney et al., 2017; Abney and Berhe, 2018) or the
leaching of PyC from biochar (Major et al., 2010; Bostick et al.,
2018), only a handful of studies (e.g., Abney et al., 2017) have
performed repeated post-fire measurements to investigate the
translocation of PyC from the forest floor to the mineral soil or
the vertical movement of PyC through the soil profile.

In November 2016, the Chimney Tops 2 Fire burned over
4,617 ha of Great Smoky Mountains National Park (GSMNP)
(National Park Service, US Department of the Interior Division
of Fire and Aviation, 2017), including the National Ecological
Observatory Network (NEON) site located near LeConte Creek
(Thorpe et al., 2016). Prior to the fire, we had worked with NEON
to collect several 50+ cm deep soil cores from the soil plots at the
GSMNP site. This sampling effort provided a unique opportunity
to leverage the pre-fire samples and collect information about
the vertical movement of PyC following a wildfire. Thus, we
resampled the area twice: 3 months post-fire and ∼1-year post-
fire. The Chimney Tops 2 fire burned in a mosaic pattern,
resulting in areas of high and low burn severity. All pre-fire
samples were collected from soil plots burned under low severity.
Post-fire samples were collected in these same soil plots and
additional nearby plots that burned at low and high severity.

This unique data set allows us to overcome the challenges
of comparing pre- and post-fire data and address several key
questions regarding the production and movement of PyC under
different burning conditions. (1) Does low-severity fire cause a
detectable increase in soil PyC? (2) Is there a difference in either
the quantity or chemical structure of PyC produced by high-
severity and low-severity fire? (3) Does PyC migrate from the O-
horizon to the mineral soil during the course of a 1-year period?
In addition to these questions related to the Chimney Tops 2
fire, by sampling to a depth of 50 cm in a variety of landform
positions, we were able to make inferences regarding the role of
the historical fire regime in shaping the current distribution of
PyC in GSMNP.

MATERIALS AND METHODS

Site and Fire Characteristics
The study sites are located within the Little River Ranger District
of Great Smoky Mountains National Park, in the southern
Appalachian Mountains of eastern Tennessee (35◦41′20′′N,
83◦30′06′′W). All plots were located between 570 and 805m
elevation, with slopes ranging from 0 to 30%. The plots
are characterized as montane alluvial forest, submesic to
mesic oak/hardwood forests, xeric pine woodland, southern
Appalachian cove hardwood, and subxeric to xeric chestnut
oak. Dominant tree species include eastern hemlock (Tsuga
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canadensis (L.) Carrière), pitch pine (Pinus rigida Mill.), eastern
white pine (Pinus strobus L.), hickory (Carya sp.), and red oak
(Quercus rubra L.). The understory is dominated by mountain
laurel (Kalmia latifolia L.) and rhododendron (Rhododendron
maximum L.).

Soils are well-drained fine loams and coarse loams derived
from metasedimentary sandstone and siltstone (Soil Survey Staff
et al., 2019). Inceptisols are the dominant soil order at the soil
plots, though Ultisols are present in several of the distributed
plots (TW-51, TW-47, TW-53, TW-55, and TW-56). The top
50 cm of soil typically contains one to two A horizons (each
10–30 cm thick) above a Bw horizon that extends an additional
20–40 cm.

Climate data were retrieved from PRISM Data Explorer
(http://www.prism.oregonstate.edu). Mean summer temperature
at the NEON GRSMNP site (elev. 576m) is 21◦C and mean
winter temperature is 2.4 ◦C. There is no distinct dry season in
the region (monthly precipitation ranges from 85 to 146mm),
and mean annual precipitation at the site is 1,471 mm.

Fire history data suggests that prior to European settlement
in the early to mid 1700s, the mean fire return interval in the
area was ∼6–12 years (LaForest, 2012). Between 1834 and 1934,
logging activity, and thus fire activity, increased dramatically.

During that time, harvesting removed nearly 2/3 of forest cover
and the mean fire return interval fell to 1.7–2.3 years.

The Chimney Tops 2 Fire was the largest fire in the history of
the state of Tennessee, burning 4,617 ha in GSMNP. The fire was
began November 23, 2016 as a result of human-caused ignition.
The fire remained a small, low severity fire until November
27, 2016 when high winds caused the fire to spread rapidly.
In addition to winds, the high rate of fire spread was due
to a combination of drought, and seasonally dry fuels. Burn
severity mapping found that 51.7 % was low-severity, 34.2 % was
moderate-severity, 5.9 % was high-severity, while 7.4 % of the
area within the fire perimeter was left unburned (Figure 1). Due
to the low severity of this fire, field observed evidence of erosion
was minimal during our field visits.

Sample Collection, Processing, and
Characterization
Soil samples were collected from two different types of plots
initially established by NEON: soil array plots and distributed
plots. Soil array plots refer to the five plots in the NEON soil
array (SP01-SP05) immediately surrounding the flux tower that
experienced only low-severity fire during the Chimney Tops 2 fire
(Figure 2). Distributed plots were also established by NEON and

FIGURE 1 | (A) The study area is located in Great Smoky Mountains National Park in the Appalachian Mountains near the North Carolina-Tennessee border. (B) Soil

burn severity map of the Chimney Tops 2 fire. (C) Soil array plots (purple triangles) are all located within low-severity areas while distributed plots (yellow circles) are

located in areas with a broader range of burn severity.
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FIGURE 2 | (Left) Example of low severity fire from the soil array (SP-01). Note the burned and unburned areas. (Right) Example of high severity fire from distributed

plots (HI-01). This plot had >80% tree mortality and near complete combustion of O-horizon. Needle fall from fire-killed conifers covers the soil surface.

are dispersed over a wider spatial area and experienced a broader
range of burn severity. Six of these distributed plots are NEON
Tower Plots (unburned: TW-50; low-severity: TW-53, TW-55;
moderate-severity: TW-47, TW-51, TW-56) located within the
airshed boundary of the flux tower; DS-08 (unburned) is a NEON
distributed plot located outside the airshed boundary; and HI-
01 (high-severity) is a plot established specifically for this study
that experienced high-severity fire. We attempted to limit our
sampling to NEONmaintained sample points in order to be able
to leverage future work by NEON at these points.

Two different types of soil samples were analyzed in this
study: core samples and grab samples. A pair of core samples
was collected from each of the five soil array plots at each of
three time points: pre-fire (August 2016), immediately post-
fire (February 2017), and 1-year post-fire (November 2017). We
collected soil cores (3.45 cm interior diameter) down to 50 cm in
plastic liners that were housed within a gas-powered, stainless
steel corer (9100 series Power Probe, AMS Inc.). Intact cores
were capped, kept in a cooler, and shipped to the Oregon State
University Marine Geological Repository Laboratory (MGRL),
where they were stored at 4 ◦C until processing. Cores from the
pre-fire and immediate post-fire time points were collected by
the NEON team, while cores from the 1-year post-fire time point
were collected by the authors. At the MGRL, one core of each
pair (n = 15) was cut open, photographed, and described. Each
core was divided into depth increments (0–5 cm, 5–10 cm, 10–
20 cm, 20–30 cm, 30–50 cm), sieved to <2mm while field moist,
air-dried at room temperature, and ground to a fine powder using
a roller grinder (SampleTek, model 200 vial rotator).

Grab samples were collected from distributed plots (8) at two
different time points: immediately post-fire, and 1-year post-fire.
For all grab samples a 30-cm deep pit was excavated just outside
of each plot. The pit face was briefly described in our field notes,
and grab samples collected at three depth increments: 0–10 cm,
10–20 cm, 20–30 cm using a stainless-steel trowel. Soils were air

dried, sieved to <2mm, and ground to a fine powder using a
roller grinder.

O-horizon samples were collected from all soil array plots (5)
at all three time points: pre-fire, immediately post-fire, and 1-year
post-fire. O-horizon samples from the distributed plots (8) were
only collected at the immediate post-fire and 1-year post-fire time
points. O-horizon samples were oven-dried at 50◦C until they
reached a constant weight, subsampled, and ground to a fine
powder using an IKA M20 Universal Mill.

Total carbon and nitrogen concentration of all soil samples
was determined by combustion (Thermo FlashEA 1112 series,
NC Soil Analyzer). Soil pH was determined using a 2:1 (w/w)
mixture of water/soil (Thomas, 1996).

PyC Quantification and Characterization
The benzene polycarboxylic acid (BPCA) procedure originally
developed by Glaser et al. (1998) takes a molecular marker
approach to quantify and characterize PyC. Samples are
digested in concentrated acid at elevated temperatures, oxidizing
the carbon-carbon double bonds of the fused aromatic
ring structures that form the molecular backbone of PyC.
These aromatic structures are broken down into individual
benzene rings substituted with carboxylic acids (i.e., benzene
polycarboxylic acids or BPCAs; Glaser et al., 1998; Brodowski
et al., 2005; Dittmar, 2008; Wiedemeier et al., 2013), which
can be separated and quantified using high performance liquid
chromatography (HPLC, Supplementary Figure 1) (Dittmar,
2008; Schneider et al., 2011; Wiedemeier et al., 2013).

PyC was quantified using the benzene polycarboxylic acid
(BPCA) method, which uses nitric acid to oxidize the extended
aromatic sheets characteristic of PyC into individual carboxylated
benzene rings that can be isolated and quantified using
high performance liquid chromatography (Glaser et al., 1998;
Brodowski et al., 2005; Dittmar, 2008; Wiedemeier et al., 2013).
Briefly, ground soil samples containing ∼2mg of carbon were
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digested in 5mL HNO3 at 170◦C for 8 h using pressurized
microwave vessels (Mars 6, CEM). Samples were filtered through
glass fiber filters (Whatman, GF/A) and the remaining solids
were washed with 5mL of NaOH (1M). Samples were diluted
to 50mL with deionized water, flash frozen with liquid nitrogen,
and freeze dried (LabConco FreeZone Plus). The remaining
residue was dissolved in 2mL NaOH (1M) and filtered using
0.45µm nylon syringe filters (Whatman). A 1mL aliquot of
sample was transferred to a clean vial, spiked with 600 µL
of HCl (2M), and analyzed by HPLC (Shimadzu LC-10AD
equipped with an SPD-M20A photodiode array capable of
measuring wavelengths between 190 and 400 nm). An Agilent
Poroshell 120 SB-C18 column was used with a mobile phase
consisting of a binary gradient of H3PO4 (2% in water) and
acetonitrile (Wiedemeier et al., 2013). External standards of
pure BPCA solutions were used to construct 6-point calibration
curves to determine the concentrations of individual BPCAs.
Several tests with PyC-containing standard soils were performed
to evaluate the reproducibility and accuracy of the method
and are discussed in Matosziuk et al. (2019). By limiting our
sample mass to <5mg of carbon per digest we limit the error
caused by the formation of BPCAs with three and four carboxyl
groups that may be formed when digesting large amounts
(>5mg carbon) of organic rich matrices such as O-horizon
(Kappenberg et al., 2016).

Many commonly used methods only quantify PyC (e.g.,
optical, thermal, and chemical methods), while the BPCA
method provides additional information about the molecular
structure of PyC (Hammes et al., 2007). When individual
benzene rings are cleaved from the larger aromatic structure,
the oxidation of each carbon-carbon bond typically creates a
carboxylic acid substitution on the resulting benzene ring (Glaser
et al., 1998). Thus, the carboxylic acid substitution pattern on
individual BPCAs can theoretically reflect the relative position
the ring held in the original aromatic structure. Rings near
the edge of the aromatic structure can be cleaved by oxidizing
only two or three carbon-carbon double bonds, resulting in
BPCAs with few carboxylic acid substitutions (B2CAs and
B3CAs). In contrast, the cleavage of internal rings requires the
oxidation of six carbon-carbon bonds, producing BPCAs with
six carboxylic acid substitutions (B6CAs). Thus, the B6CA:total
BPCA ratio can theoretically serve as an aromatic condensation
index (ACI)—because larger, more extended aromatic structures
contain more interior benzene rings, a higher B6CA:total BPCA
ratio (or higher ACI) reflects a greater degree of aromatic
condensation (Schneider et al., 2010, 2011; 2013). Digestion of
known precursors to test the correlation of molecular structure
and BPCA products has rarely been done, but when conducted
BPCA analysis of specific polyaromatic hydrocarbons (PAHs) has
shown that ring substitution patterns do not necessarily correlate
to PAH structure in a systematic way. However, in general,
digestion of larger PAHs does result in more highly substituted
BPCAs (Ziolkowski et al., 2011).

Statistical Methods
Individual samples from soil array and distributed plots
were analyzed using separate statistical approaches. In both

cases, multiple response variables were collected and analyzed,
including the C and N concentration, C:N ratio, pH, and the
quantity and chemical structure of PyC, which will be referred to
as PyC concentration (g BPCA/kg C) and aromatic condensation
index (ACI; g B6CA/g total BPCA), respectively. To ascertain
whether PyC was translocated from the O-horizon to the mineral
soil we calculated a ratio of the soil normalized PyC in the O-
horizon to that in the surface mineral soil horizon (0–10cm)
for the immediate post-fire and 1-year post-fire time points. As
PyC was translocated from the O-horizon into the mineral soil
the ratio will decrease. Each response variable for each depth
increment was analyzed independently using R version 3.2.2. The
significance level was set at alpha= 0.1.

Core Samples From Soil Array Plots
For each response variable at each depth, four linear mixed
effects models were constructed where time since fire was the
only fixed effect, plot was a random effect, and one of four
possible correlation structures [no correlation, AR(1), compound
symmetry, general correlation] was included to account for the
temporal correlation. The anova function in R was used to
compare the Bayesian information criterion (BIC) values for
models with different correlation structures. For every response
variable, at every depth, the simple model with no correlation
structure was associated with the lowest BIC value or was within
2 units of the lowest BIC value. Consequently, for all subsequent
temporal analysis of the cores, we used the simple model with
no temporal correlation structure. Differences in time point were
calculated using the EMmeans package in R (Lenth, 2016). Tukey
corrections for family-wise error rates associated with pairwise
comparisons of the 3 groups (pre-fire, immediate post-fire, and
1-year post-fire) were applied for all statistical tests on a given
response variable.

Grab Samples From Distributed Plots
We utilized plots that had been established and will be monitored
by NEON. The distributed plots burned at severities out of
our control. To determine if either burn severity or time since
fire affected response variables and have enough samples for
statistical analysis, samples from the distributed plots were
broadly characterized as “lower severity” or “higher severity”
sites. Lower severity sites included plots classified as either “low-
severity” (n = 2) or “unburned” (n = 2); higher severity sites
included those that were classified as either “moderate” (n = 3)
or “high-severity” (n = 1). Combining low-severity burn with
unburned plots is not likely to confound our results as a result of
the effects of low-severity wildfire being difficult to detect (e.g.,
Hatten et al., 2005) and we were unsure if the plots classified
as unburned were actually unburned (we found no evidence of
burning).While there may be different effects betweenmoderate-
and high-severity burns, we were only able to sample one plot
burned at high-severity which we was combined with the plots
burned at moderate-severity to balance the number of samples in
the lower- and higher-severity classes (n= 4 each).

Burn severity at each plot was determined using field
observations of char heights on trees, vegetation mortality,
and O-horizon consumption. Burn severity was classified as
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unburned, low, moderate, or high using a method adapted from
Key and Benson (2006) by examining char height on trees,
tree mortality, organic matter consumption, and presence of
char (Hatten et al., 2008, 2012). A low-severity fire produced
char heights <2m on a tree bole and consumed little of the O
horizon. Moderate-severity fires produced char heights between
2 and 4m and left a thin layer of char on the surface of the
soil. High-severity fire was designated when tree mortality was
high and little O horizon remained. Plots where no evidence
of burning was found were classified as unburned. For each
response variable, at each depth, a linear mixed effects model was
constructed where time since fire and burn severity were treated
as fixed effects, and plot was included as a random effect. An
overall F-test confirmed that for several response variables there
was a significant interactive effect between burn severity and time
since fire. Consequently, responses were analyzed to determine
the conditional main effects of time since fire and burn severity.
Multivariate t (MVT) corrections for multiple comparisons for
family-wise error associated with four comparisons (low-severity
vs. high-severity at both immediate post-fire and 1-year post-fire
time points, and immediate post-fire vs. 1-year post-fire at both
high and low-severity plots) were applied to all statistical tests.

RESULTS

Soil Array: Low-Severity
We detected very few statistically significant differences in soil
properties between the three different time points at any given
depth, likely due to the low burn severity at these plots (Figure 3).
The concentration of PyC in the O-horizon was 2.22 g BPCA/kg
soil higher in the immediate post-fire samples than in the pre-
fire samples (p = 0.07), but not statistically different from the
1-year post-fire samples (p= 0.35) (Table 1). The 1-year post-fire
samples have a greater concentration of PyC than the immediate
post-fire samples at the 5–10 cm and 10–20 cm depths (p = 0.09
for both depths). The ACI of the immediate post-fire and 1-year
post fire samples is 0.02 units lower than that of the pre-fire
samples in the 0–5 cm depth (p = 0.06 for both time points),
suggesting that the average structure of the PyC in the top 5 cm
of mineral soil was less condensed following the fire. Compared
to pre-fire samples, the pH of the 0–5 cm depth was 0.35 and 0.44
units lower at the immediate post-fire and 1-year post-fire time
points (p= 0.05 and 0.02, respectively).

Distributed Plots: Low to High Severity
Wedetected an interactive effect between time since fire and burn
severity for several response variables (Table 2). Consequently,
the results are discussed as the conditional main effects of the two
explanatory variables.

Effect of Burn Severity on SOM and PyC
At both post-fire time points, the mean O-horizon PyC
concentration of the higher-severity plots was greater than that
of the lower-severity plots (Figure 4); however, the magnitude of
the difference was much greater at the immediate post-fire time
point (29.89 g BPCA/kg C, p = 0.001) than at the 1-year post-
fire time point (15.05 g BPCA/kg C, p = 0.076). At the 1-year

post-fire time point, the mean 0-10 cm PyC concentration was
16.1 g BPCA/kg C greater in the higher-severity plots (p= 0.051);
however, no differences in PyC between the burn severity sites
were detected at this depth in the immediate post-fire samples.
At depths below 10 cm we did not detect any differences in mean
PyC concentration between higher- and lower-severity plots.
While the O-horizon ACI was 0.11 units greater in the higher-
severity plots at the immediate post-fire time point (p = 0.034),
no differences in PyC structure were detected at any other depth
or time point when comparing higher- and lower-severity plots.

At the 1-year post-fire time point, the mean 0–10 cm C and
N concentrations were 1.54 and 0.24% greater in the lower-
severity plots than the higher-severity plots, respectively (p =

0.057 and 0.081). At the immediate post-fire and 1-year post-fire
time points, the mean 10–20 cm N concentrations were 0.13 and
0.15% greater in the lower-severity plots, respectively (p = 0.005
and 0.001). At the immediate post-fire time point, the mean C:N
ratio of the lower-severity plots was lower than that of the higher-
severity plots for all mineral soils (0–10, 10–20, and 20–30 cm),
though this difference decreased with depth [13.71 (p < 0.001),
10.60 (p = 0.009), and 4.98 units (p = 0.098), respectively]. The
effect of burn severity on C:N ratio was also significant in the
1-year post-fire samples; the mean 0–10 cm and 10–20 cm C:N
ratios of the lower-severity plots were 20.32 and 9.41 units lower
than the high severity plots, respectively (p< 0.001 and p= 0.02).

With the exception of the 0–10 cm depth at the immediate
post-fire time point, the pH of the mineral soils was higher in the
lower-severity plots than the higher severity plots at all depths
at both time points. At the immediate post-fire time point, the
differences in pH between the lower-severity and higher severity
plots were 0.41 and 0.44 units at the 10–20 cm and 20–30 cm
depths, respectively (p = 0.095 and 0.027). At the 1-year post-
fire time point, the mean pH values of the lower-severity plots
were 0.98 (p = 0.063), 0.49 (p = 0.042), and 0.49 (p = 0.014)
units higher than the higher-severity plots for the 0–10, 10–20,
and 20–30 cm depths, respectively.

Effect of Time Since Fire on SOM and PyC
The effect of time since fire on mean PyC quantity was only
detectable in the higher-severity plots. In these plots, the mean
O-horizon PyC concentration was 16.08 g BPCA/kg C (p =

0.084) and 6.32 g BPCA/kg soil (p = 0.055) greater immediately
post-fire compared to 1-year post-fire. In contrast, the 0-10 cm
PyC concentration was 1.38 g BPCA/kg soil greater at the 1-year
post-fire time point (p= 0.021).

The effect of time since fire on PyC structure was only
detectable in the O-horizon of lower-severity plots, where the
ACI was 0.05 units<1-year post-fire. In the higher-severity plots,
the mean 0–10 cm C:N ratio was 6.16 units <1-year post-fire
compared to immediately post-fire (p = 0.001), while the mean
20–30 cm C:N ratio was 4.24 units greater than at the immediate
post-fire time point (p = 0.091). We did not detect an effect of
time since fire for any other response variables.

The ratio of PyC in the O-horizon to PyC in the mineral
soil (PyCOH/0−10) at both the immediate post-fire and 1-year
post-fire time point illustrates translocation of PyC from the
O-horizon into the mineral soil at (Figure 5). We found a
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FIGURE 3 | (A) Total carbon, (B) total nitrogen, (C) C:N, (D) pH, (E) PyC concentration normalized by total carbon, (F) PyC concentration normalized by soil mass,

and (G) ACI for core samples collected from the soil array that burned with low severity during the Chimney Tops 2 Fire. Circles denote mean values, error bars denote

standard deviations.

significant interaction between time since fire and burn severity
(p = 0.0058). The ratio of PyC in the O-horizon and mineral
soil was greater in the higher-severity plots than lower-severity
plots immediately post fire (p = 0.0074). However, 1-year post-
fire there was no difference between the ratios of PyC in the
O-horizon and mineral soils of lower- and higher-severity plots
(p > 0.1). These results suggest that PyC has moved from the
O-horizon into the mineral soil.

DISCUSSION

Effects of the Chimney Tops 2 Fire on SOM
and Soil PyC
Low Severity Fire had Limited Effects on SOM and

Soil PyC
Fire has complex effects on soil C and N concentrations, resulting
from a variety of drivers that can have opposing effects dictated
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TABLE 1 | Differences in response variables at different time points for core samples collected from the soil array plots that burned at low severity during the Chimney

Tops 2 fire.

Pre–fire– lmm. Post Pre–fire – 1 year Post lmm. Post– 1 year post

g BPCA/kg C 0–horizon −5.3 (p = 0.18) −2.04 (p = 0.74) 3.26 (p = 0.48)

0–5 cm 5.65 (p = 0.33) 8.59 (p = 0.11) 2.94 (p = 0.72)

5–10 cm 15.34 (p = 0.15) −2.45 (p = 0.94) −17.79 (p = 0.09)

10–20 cm 10.51(p = 0.15) −1.68 (p = 0.94) −12.19 (p = 0.09)

20–30 cm 13.39 (p = 0.29) 2.89 (p = 0.93) −10.5 (p = 0.44)

30–50 cm 10.66 (p = 0.57) −5.32 (p = 0.86) −15.99 (p = 0.22)

g BPCA I kg soil 0–horizon −2.22 (p = 0.07) −0.96 (p = 0.52) 1.26 (p = 0.35)

0–5 cm −0.38 (p = 0.49) −0.28 (p = 0.67) 0.1(p = 0.94)

5–10 cm 0.39 (p = 0.42) −0.34 (p = 0.51) −0.73 (p = 0.09)

10–20 cm 0.43 (p = 0.61) −0.22 (p = 0.88) −0.65 (p = 0.35)

20–30 cm 1.27 (p = 0.25) 1.08 (p = 0.35) −0.19 (p = 0.96)

30–50 cm 0.29 (p = 0.28) 0.11(p = 0.81) −0.18 (p = 0.46)

ACI 0–horizon 0.02 (p = 0.89) −0.05 (p = 0.39) −0.06 (p = 0.21)

0–5 cm −0.02 (p = 0.06) −0.02 (p = 0.06) 0 (p = 1)

5–10 cm −0.03 (p = 0.56) −0.03 (p = 0.39) −0.01(p = 0.94)

10–20 cm 0.01(p = 0.97) −0.02 (p = 0.81) −0.02 (p = 0.67)

20–30 cm 0.09 (p = 0.54) −0.02 (p = 0.96) −0.11 (p = 0.39)

30–50 cm 0.15 (p = 0.32) 0 (p = 1) −0.14 (p = 0.23)

C% 0–horizon −3.06 (p = 0.45) −2.28 (p = 0.63) 0.77 (p = 0.95)

0–5 cm −2.3 (p = 0.62) −3.42 (p = 0.37) −1.11 (p = 0.89)

5–10 cm −1.27 (p = 0.58) −1.17 (p = 0.63) 0.1(p = 1)

10–20 cm −0.1(p = 0.99) −0.62 (p = 0.78) −0.52 (p = 0.84)

20–30 cm 0.95 (p = 0.64) 1.28 (p = 0.47) 0.32 (p = 0.95)

30–50 cm 0.42 (p = 0.45) 0.25 (p = 0.74) −0.17 (p = 0.81)

N% 0–horizon −0.04 (p = 0.97) −0.12 (p = 0.75) −0.08 (p = 0.87)

0–5 cm −0.15 (p = 0.56) −0.24 (p = 0.26) −0.09 (p = 0.81)

5–10 cm −0.15 (p = 0.32) −0.12 (p = 0.46) 0.03 (p = 0.95)

10–20 cm −0.02 (p = 0.96) −0.06 (p = 0.7) −0.04 (p = 0.84)

20–30 cm 0 (p = 1) 0.03 (p = 0.9) 0.03 (p = 0.92)

30–50 cm 0.02 (p = 0.58) 0.01(p = 0.87) −0.01(p = 0.81)

C:N 0–horizon −14 (p = 0.28) 1.46 (p = 0.98) 15.46 (p = 0.23)

0–5 cm −0.53 (p = 0.91) 0.67 (p = 0.86) 1.19 (p = 0.63)

5–10 cm 3.61(p = 0.1) 3.93 (p = 0.07) 0.32 (p = 0.98)

10–20 cm −1.14 (p = 0.87) 1.23 (p = 0.85) 2.37 (p = 0.57)

20–30 cm 4.26 (p = 0.55) 7.36 (p = 0.21) 3.1(p = 0.72)

30–50 cm −10.54 (p = 0.72) 0.12 (p = 1) 10.65 (p = 0.64)

pH 0–5 cm 0.35 (p = 0.05) 0.44 (p = 0.02) 0.09 (p = 0.76)

5–10 cm 0.21(p = 0.42) 0.32 (p = 0.15) 0.12 (p = 0.73)

10–20 cm 0.14 (p = 0.48) 0.06 (p = 0.89) −0.09 (p = 0.75)

20–30 cm 0.02 (p = 0.98) 0.1(p = 0.58) 0.08 (p = 0.68)

30–50 cm 0 (p = 1) −0.02 (p = 0.96) −0.02 (p = 0.96)

Differences calculated using the CMmeans package in R (Lenth, 2016). Bold indicates statistical significance.

by burn severity (Nave et al., 2011; Pellegrini et al., 2017). The
Chimney Tops 2 Fire burned in a mosaic pattern and distinct
regions within the burn perimeter experienced moderate- to
high-severity fire, but the majority of the landscape burned
at low severity (Figure 1). Using core samples collected from
the soil array plots that experienced only low severity fire,
we did not detect any differences between pre-fire and either

immediate post-fire or 1-year post-fire concentrations of C or N,
suggesting that this fire did not alter SOM concentrations near
the NEON flux tower. Because these plots were clustered in a
single alluvial plain near LeConte Creek, we cannot extrapolate
our results to all low-severity areas within the burn perimeter.
However, it is likely that the Chimney Tops 2 Fire did not
alter short-term C or N concentrations in regions located at
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TABLE 2 | Differences in mean response variables at different time points for grab samples collected at the distributed plots from both immediately post-fire and 1-year

post-fire from soil plots that burned at lower and higher severity during the Chimney Tops 2 fire.

(Lower Severity– Higher Severity) (1 year post fire– lmm.Post Fire) Interactive Effect

lmm.Post–fire 1–year Post–fire Higher Severity Lower Severity Severity x Time p–val

gPyC/kgC 0–horizon −29.89 (p = 0.001) −15.05 (p = 0.076) −16.08 (p = 0.084) −1.24 (p = 0.988) 0.075

0–10 cm −6.12 (p = 0.661) −16.1(p = 0.051) 9.23 (p = 0.395) −0.75 (p = 0.997) 0.192

10–20 cm −3.32 (p = 0.911) −6.01(p = 0.649) 2.18 (p = 0.958) −0.52 (p = 0.998) 0.643

20–30 cm −4.21(p = 0.946) 12.01(p = 0.449) −8.98 (p = 0.642) 7.24 (p = 0.501) 0.12

g PyC I kg soil 0–horizon −10.29 (p = 0.007) −4.74 (p = 0.258) −6.32 (p = 0.055) −0.76 (p−0.945) 0.063

0–10 cm 0.14 (p = 0.983) −1.37 (p = 0.024) 1.38 (p = 0.021) −0.13 (p = 0.954) 0.011

10–20 cm 0.13 (p = 0.951) 0.42 (p = 0.387) −0.23 (p = 0.695) 0.06 (p = 0.965) 0.294

20–30 cm 0.45 (p = 0.622) 0.76 (p = 0.23) −0.24 (p = 0.94) 0.07 (p = 0.995) 0.591

ACI 0–horizon −0.11(p = 0.034) −0.02 (p = 0.896) −0.04 (p = 0.439) 0.05 (p = 0.068) 0.02

0–10 cm 0.06 (p = 0.427) 0.06 (p = 0.433) −0.03 (p = 0.912) −0.03 (p = 0.752) 0.991

10–20 cm 0.03 (p = 0.832) 0.03 (p = 0.671) −0.0l (p = 0.974) 0 (p = 0.998) 0.816

20–30 cm 0.09 (p = 0.789) 0.13 (p = 0.519) −0.05 (p = 0.959) 0 (p = 1) 0.712

C{%) 0–horizon 0.77 (p−0.999) 0.5 (p = 1) −3.71(p−0.919) −3.98 (p−0.745) 0.973

0–10 cm −0.13 (p = 1) −0.34 (p = 0.995) 0.34 (p = 0.996) 0.13 (p = 0.999) 0.921

10–20 cm 0.63 (p = 0.621) 1.54 (p = 0.057) −0.73 (p = 0.621) 0.18 (p = 0.965) 0.259

20–30 cm 2.12 (p = 0.188) 1.19 (p = 0.616) −0.51(p = 0.967) −1.44 (p = 0.284) 0.535

N(%) 0–horizon 0.25 (p = 0.484) 0.28 (p = 0.385) −0.01(p = 1) 0.02 (p = 0.994) 0.841

0–10 cm 0.2 (p = 0.158) 0.24 (p = 0.081) −0.03 (p = 0.992) 0.01(p = 0.997) 0.755

10–20 cm 0.13 (p = 0.005) 0.15 (p = 0.001) −0.02 (p = 0.89) 0 (p = 1) 0.633

20–30 cm 0.17 (p = 0.068) 0.1(p = 0.409) −0.02 (p = 0.994) −0.09 (p = 0.261) 0.427

C:N 0–horizon −6.22 (p = 0.91) −18.46 (p = 0.273) −0.52 (p = 1) −12.75 (p = 0.209) 0.309

0–10 cm −13.71 (p = 0) –20.32 (p = 0) 6.16 (p = 0.001) −0.45 (p = 0.917) 0.001

10–20 cm −10.6 (p = 0.009) −9.41(p = 0.02) −0.03 (p = 1) 1.17 (p = 0.842) 0.671

20–30 cm −4.98 (p = 0.098) −1.09 (p = 0.936) −4.24 (p = 0.091) −0.34 (p = 0.987) 0.08

pH 0–10 cm 0.62 (p = 0.306) 0.98 (p = 0.063) 0.09 (p = 0.992) 0.44 (p = 0.209) 0.392

10–20 cm 0.41(p = 0.095) 0.49 (p = 0.042) 0.07 (p = 0.959) 0.15 (p = 0.469) 0.695

20–30 cm 0.44 (p = 0.027) 0.49 (p = 0.014) 0.04 (p = 0.992) 0.09 (p = 0.782) 0.79

Differences calculated using the EMmeans package in R (Lenth, 2016). Bold indicates statistical significance.

similar elevations and topographic positions that burned at
low severity.

The BPCA method we used in this study characterized
both PyC quantity and molecular structure. While the total
concentration of BPCAs (g BPCA/kg C or g BPCA/kg soil)
reflects the quantity of PyC in the soil, the relative proportion
of the various BPCAs that were extracted (BnCA, for n = 3, 4, 5,
or 6, where n is the number of carboxylic acid substitutions on an
individual benzene ring) reflect its molecular structure. A greater
proportion of B6CA, referred to here as ACI, indicates PyCwith a
more extended aromatic structure. Such structures are associated
with both higher pyrolysis temperatures (McBeath et al., 2011;
Schneider et al., 2013) and longer mean residence times in the
soil (Baldock and Smernik, 2002; Singh et al., 2012; Bird et al.,
2015; Gibson et al., 2018).

The concentration of PyC in samples collected from all plots in
this study was quite high; on average, mineral soils down to 50 cm
contained 25–40 g BPCA/kg C. The PyC concentration of the
GSMNP samples was on par with or greater than published values
from study areas that have historically experienced frequent
fire and/or currently include prescribed burns as part of their

management plan (Boot et al., 2015; Matosziuk et al., 2019;
Soucémarianadin et al., 2019). This is consistent with the current
conceptual model of historical fire frequency in the Southern
Appalachian region, which proposes that frequent burning
occurred in the area during all phases of land use, with the
exception of the fire-exclusion era of the twentieth century
(Harmon, 1982; Delcourt and Delcourt, 1997; Lafon et al., 2017).

The low severity fire at the soil array plots had a limited effect
on PyC concentration. The O-horizon PyC concentration of the
immediate post-fire samples was slightly higher than that of the
pre-fire samples; however, this difference was not detectable 1
year later, likely due to the combined effects of lateral/vertical
movement of PyC and dilution from fresh litterfall. At the 5–
10 and 10–20 cm depths, the mean concentration of PyC in the
1-year post-fire samples was greater than that of the immediate
post-fire samples. This could be due to vertical movement of PyC
from the O-horizon into the mineral soil over the course of the
year following the fire. However, this conclusion is questionable
as there is no difference in PyC concentrations either between
the pre-fire and 1-year post-fire samples at these same depths or
between any of the time points at the 0–5 cm depth.
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FIGURE 4 | (A) Total carbon, (B) total nitrogen, (C) C:N, (D) pH, (E) PyC concentration normalized by total carbon, (F) PyC concentration normalized by soil mass,

and (G) ACI for grab samples collected from distributed plots that burned with lower severity and higher severity during the Chimney Tops 2 Fire. Inset in (F) of the

PyC concentration of mineral soil horizons. Circles denote mean values, error bars denote standard deviations.

The molecular structure of PyC in the soil array plots,
as determined by ACI was also relatively unchanged by the
Chimney Tops 2 fire. The small (0.02 unit) post-fire increase in
mean ACI of the 0–5 cm samples suggests that the PyC produced
by the fire was slightly more condensed than the PyC already
present in the soil; however, the magnitude of this difference was
quite small. The mean 0–5 cm ACI for both the immediate post-
fire and 1-year post-fire samples was 0.43, compared to 0.41 for
the pre-fire samples. ACI is associated with both the formation
temperature of char and its mean residence time in the soil.

Higher pyrolysis temperatures typically producemore condensed
PyC (i.e., PyC with a higher ACI) with longer MRTs as found
by Gibson et al. (2018) found that mean residence time of PyC
shifts from the decadal scale to the centennial scale at pyrolysis
temperatures between 450 and 500◦C. Additionally, Schneider
et al. (2011) performed BPCA analysis on a thermosequence of
chars pyrolyzed in a muffle furnace, as well as those burned
at known temperature in an experimental forest fire (Schneider
et al., 2013). According to these results, ACI values of both
0.43 and 0.41 likely correspond to chars that were formed at
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FIGURE 5 | A comparison of the soil mass normalized ratio of PyC in the

O-horizon to PyC in the mineral soil (PyCOH/0−10) at the immediate post-fire

and 1-year post-fire time point.

temperatures above 500◦C. Thus, the small post-fire increase in
ACI is unlikely to have a meaningful effect on PyC turnover in
these plots.

Moderate to High Severity Fire Results in Greater

PyC Inputs to the O-Horizon, Which Begin Moving

Into the Mineral Soil Within 1 Year of Fire
PyC concentration depended on both burn severity and time
since fire, with trends differing at different depths. In the O-
horizon, the high-severity plots had a greater mean concentration
of PyC than the low-severity plots at both time points; however,
the difference was more pronounced immediately post-fire
compared to 1-year post-fire. In the 0–10 cm layer, the mean PyC
concentration was greater in the higher-severity plots compared
to the lower-severity plots, but in contrast to the trend in the
O-horizon, this difference was only observed at the 1-year post-
fire time point. Additionally, for the higher-severity sites, the O-
horizon PyC concentration was higher at the immediate post-fire
time point compared to the 1-year post-fire time point, while the
0–10 cm PyC concentration was greatest at the 1-year post fire
time point.

These observations are consistent with a conceptual model
based on the movement of PyC from the O-horizon to the
mineral soil. The Chimney Tops 2 fire produced significant PyC
input to the O-horizons of the higher-severity plots but not
necessarily to the low-severity plots. Consequently, during the
immediate post-fire time point we observed a large difference
between the higher- and lower-severity plots in terms of O-
horizon PyC concentrations. Over the course of the year, a
portion of the PyC in the O-horizon of higher-severity plots
moved vertically into the soil profile or horizontally due to
leaching/erosion. This is consistent with a preliminary study on
these sites, which found ∼1.8-times higher saturated hydraulic
conductivity on the high burn severity areas compared to the low
severity and unburned areas due to altered soil structure during

the combustion process (Supplementary Material). Higher rates
of water flux into and through the soils at the high burn
severity sites may have increased the rate of movement of small
particulate material or dissolved forms of char through the soil.
Thus, not only was there more PyC in areas burned at high
severity, but the potential for this material to be transported to
depth in the soil may also have been higher. At the immediate
post-fire time point, little of the PyC generated in the Chimney
Tops 2 fire had been incorporated into the mineral soil. However,
over the course of the year, a portion of the PyC introduced to
the O-horizon in the higher-severity sites may have moved into
the mineral soil. Thus, at the 1-year post-fire time point, the PyC
concentration of the 0–10 cm depth was notably higher at the
higher-severity sites compared to the lower-severity sites. This
was illustrated by comparing the ratio of PyC in the O-horizon
to PyC in the mineral soil (PyCOH/0−10) at both the immediate
post-fire and 1-year post-fire time point (Figure 5).

Several different mechanisms could contribute to the decrease
in O-horizon PyC concentration in the year since the fire
including vertical movement of PyC into the soil profile, loss
of PyC from the site due to lateral movement (wind/water
erosion), or dilution of PyC due to the deposition of new litterfall.
To examine the relative contribution of vertical movement vs.
erosion/dilution, we defined a new variable, PyC1yr/imm,, as the
ratio of the PyC concentration in a given depth at the 1-year
post-fire time point to the concentration in the same depth at the
immediate post-fire time point (Figure 6). This ratio is a measure
of whether PyC concentration is increasing or decreasing over
time in a given soil horizon; a ratio <1 indicates that the
PyC concentration at that depth has decreased over the year,
while a ratio >1 suggests the PyC concentration increased. If
PyC is indeed moving vertically from the O-horizon into the
mineral soil, we would expect to see many points in the upper
left quadrant of this plot, which indicates a decrease in O-
horizon PyC concentration and an increase in 0–10 cm PyC
concentration over the course of the year. In contrast, if the
reduction in O-horizon PyC over time is due to erosion or
dilution, we would expect to see many points that are either in
the lower left quadrant or on the left hand side of the plot near
themidline at 1.0, which would indicate either a reduction of PyC
at both depths or a reduction of PyC in the O-horizon with no
change in 0–10 cm PyC concentration, respectively. Points on the
upper and lower right quadrants of the plot, which correspond
to a gain in PyC at both depths and a gain in O-horizon PyC
and a loss of 0–10 cm PyC, respectively, suggest that there has
been additional input of PyC since the fire. This may occur as
charred bark or snags begin to decompose and deposit PyC onto
the soil surface.

Most points lay in either the upper left-hand corner, or on
the left side near the midline, suggesting that a combination of
vertical movement and erosion/dilution are responsible for the
reduction in O-horizon PyC concentration in the year after the
fire. Erosion may alter mean residence time estimates by up to
150 years (Abney and Berhe, 2018), so we investigated whether
the relative values of O-horizon and 0–10 cm PyC1yr/imm at a
given plot were related to its potential for erosion based on
slope and landform position, but did not find a clear pattern,
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FIGURE 6 | The soil mass normalized ratio of PyC concentration in a given

depth at the 1-year post-fire time point to the concentration in the same depth

at the immediate post-fire time point (PyC1yr/imm) is a measure of whether PyC

concentration is increasing or decreasing over time; a ratio <1 indicates that

the PyC concentration at that depth has decreased over the year, while a ratio

>1 suggests the PyC concentration increased.

which may suggest that both dilution and erosion play a role.
Unfortunately, O-horizon samples from this study were not
collected volumetrically, so we could not determine the mass of
PyC that was moved laterally due to erosion or vertically from the
O-horizon to the mineral soil.

The fact that a detectable amount of PyC moves from
the O-horizon into the mineral soil <1 year after fire has
important implications for PyC cycling as this translocation
may offer protection from both biotic and abiotic degradation.
The two primary mechanisms that protect organic matter from
microbial decomposition, association with a mineral surface
or incorporation within soil aggregates, only affect organic
matter that is in the mineral soil (Lehmann and Kleber, 2015).
Moreover, the consumption of surface PyC in subsequent fires
has been posited as a significant mechanism for abiotic PyC
decomposition (Santín et al., 2013; Masiello et al., 2015; Doerr
et al., 2018). Mineral soil has a tremendous capacity to act as
a temperature buffer during fires (González-Pérez et al., 2004;
Certini, 2005). Due to the protections offered by the mineral soil,
the movement of PyC from the O-horizon into the soil profile on
such a short time scale is likely to result in higher mean residence
times than if the material remained on the forest floor for a more
extended period of time.

Legacy Effects of Previous Fires
Translocation of PyC From the O-Horizon to the

Mineral Soil Is Associated With an Increase in ACI
When averaged over all time points, the mean ACI of the PyC
in the O-horizon of the core samples was 0.13 units lower than

that of the 0–5 cm layer (p < 0.0001), suggesting that the PyC in
the mineral soil is more condensed than that in the O-horizon. A
similar trend exists for the grab samples—when averaged over all
time points and all fire severities, the mean ACI of the O-horizon
is 0.11 units lower than that of the 0–10 cm layer. This pattern
of PyC condensation increasing with depth is consistent with the
findings of Boot et al. (2015) who found that the proportion of
B6CA extracted from 5 to 15 cm was statistically greater than
that of the forest floor. Similarly, Soucémarianadin et al. (2019)
found that the proportion of B3CA in mineral soils decreased
with depth, and attributed their observation partly to oxidation
of highly condensed PyC into heavily oxygenated, and thus more
soluble components. Abiven et al. (2011) found that a significant
amount of condensed PyC could be extracted from aged char that
had been left exposed in the field, confirming that PyC can move
vertically through the soil profile as dissolved organic matter.

Another possible explanation is that the physical
characteristics of high temperature (and thus more condensed)
PyC promote its incorporation into the mineral soil. PyC that
is formed at higher temperatures bears less resemblance to
the organic matter it originated from, leaving fewer structural
components to hold the material together (Soucémarianadin
et al., 2013). Consequently, it may be easier to fragment, which
may facilitate its downward movement into the soil profile.

Regardless of the mechanism responsible, the fact that more
condensed PyC is concentrated in the mineral soil compared
to the O-horizon may partly explain the association between
the degree of aromatic condensation and mean residence
time. A number of studies have suggested that PyC with a
more condensed chemical structure is more likely to resist
decomposition (Baldock and Smernik, 2002; Singh et al., 2012;
Bird et al., 2015; Gibson et al., 2018). However, it is possible that
this increase in mean residence time comes in part from the fact
that more condensed PyC can be more efficiently translocated
from the forest floor to the mineral soil where it can be protected
from biotic decomposition and abiotic degradation by either
association with a mineral surface or incorporation into an
aggregate (Brodowski et al., 2006; Heckman et al., 2014).

Changes in Fire Frequency May Alter the
Vertical Distribution of PyC in Soil
The concentration of PyC at soil depths >15 cm are not
frequently reported, but both Soucémarianadin et al. (2019) and
Butnor et al. (2017) found that while PyC concentrations as a
proportion of soil decreased with depth, the concentration as a
proportion of soil carbon remained fairly constant. We found
similar results in this study at depths below 10 cm; however, from
0–5 to 5–10 cm the mean concentration of PyC as a proportion
of carbon increased from 29.2 to 39.3 g BPCA/kg C. If the
concentration of PyC as a proportion of carbon was constant
with depth, we would expect a strong correlation between carbon
concentration (%C) and PyC concentration (g BPCA/kg C). In
our data set there was indeed a strong correlation between the
two (R2 = 0.8), but only for samples taken below 10 cm. For
samples taken from 0–5 to 5–10 cm, this correlation was much
weaker (R2 = 0.29) (Figure 7).
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FIGURE 7 | There was a strong correlation (R2
= 0.80) between carbon

concentration and PyC concentration at depths below 10 cm (orange);

however, this correlation is much weaker (R2
= 0.29) in the top 10 cm (blue).

This may be a result of the changes in fire regime that have
taken place in this region over the past few centuries. Until
the early twentieth century, the mean fire return interval for
this area ranged between 2 and 12 years (LaForest, 2012; Lafon
et al., 2017). Thus, for centuries the soils of this area received
regular inputs of PyC, which likely moved vertically through the
soil profile at a rate similar to other organic matter. However,
after the implementation of fire suppression PyC inputs were
undoubtably reduced, while other organic inputs from litter and
fine roots may have remained constant. As a result, the PyC
concentration in the upper parts of the soil profile would have
become diluted. Prescribed fire is becoming a more common tool
for fuel reduction in some areas of the Southern Appalachians.
It is possible that as fire is reintroduced to this landscape, and
the PyC inputs to the soil become more regular, the correlation
between carbon concentration and PyC concentration in the
upper parts of the profile will strengthen.

CONCLUSIONS

Samples collected from Great Smoky Mountains National Park
before and after the Chimney Tops 2 Fire have provided
substantial insight into several open questions regarding PyC
production and movement under different conditions. We found
that low-severity fire slightly increased the PyC concentrations
in the O-horizon, but the effect was so small it had no effect on
mineral soil within 1 year of the fire. However; 3 months post-
fire, sites that burned with mid- to high-severity had statistically

higher PyC concentrations in the O-horizon compared with low-
severity sites. In the year following the fire, at the higher-severity
sites the PyC concentration of the O-horizon decreased while
the concentration of the 0–10 cm depth increased, suggesting
that movement of PyC from the O-horizon to the mineral soil
begins <1-year post fire. This rapid incorporation into mineral
soil where a variety of mechanisms can provide protection
from biotic and abiotic degradation may play a role in the
long residence time of PyC in soil. Lastly, while several earlier
studies have found that PyC concentration as a proportion of
carbon remains constant with depth, we only found a correlation
between %C and PyC concentration at depths below 10 cm. This
may reflect the reduction in PyC input that has occurred in recent
years as a result of fire suppression.
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