
Short-Term Changes in Physical and Chemical Properties
of Soil Charcoal Support Enhanced Landscape Mobility
Lacey A. Pyle1 , Kate L. Magee1, Morgan E. Gallagher1, William C. Hockaday2,
and Caroline A. Masiello1

1Department of Earth, Environmental, and Planetary Sciences, Rice University, Houston, TX, USA, 2Department of
Geosciences, Baylor University, Waco, TX, USA

Abstract Charcoal is a major component of the stable soil organic carbon reservoir, and the physical and
chemical properties of charcoal can sometimes significantly alter bulk soil properties (e.g., by increasing soil
water holding capacity). However, our understanding of the residence time of soil charcoal remains
uncertain, with old measured soil charcoal ages in apparent conflict with relatively short modeled and
measured residence times. These discrepancies may exist because the fate of charcoal on the landscape is a
function not just of its resistance to biological decomposition but also its physical mobility. Mobility may be
important in controlling charcoal landscape residence time and may artificially inflate estimates of its
degradability, but few studies have examined charcoal vulnerability to physical redistribution. Charcoal
landscape redistribution is likely higher than other organic carbon fractions owing to charcoal’s low bulk
density, typically less than 1.0 g/cm3. Here we examine both the physical and chemical properties of soil and
charcoal over a period of two years following a 2011 wildfire in Texas. We find little change in properties with
time; however, we find evidence of enhanced mobility of charcoal relative to other forms of soil organic
matter. These data add to a growing body of evidence that charcoal is preferentially eroded, offering another
explanation for variations observed in its environmental residence times.

1. Introduction

Soil organic matter (SOM) contributes to soil structure and biologic productivity and also sequesters atmo-
spheric CO2 by storing organic carbon that would otherwise be rapidly remineralized. Pyrogenic carbon
(PyC, defined as carbonaceous material produced by the burning of biomass or fossil fuels with insufficient
oxygen supply (Goldberg, 1985)) is an important component of stable SOM (Forbes et al., 2006). The structure
of PyC is heterogeneous, ranging from slightly charred degradable biomass through to highly graphitic soot
particles (Keiluweit et al., 2010; Masiello, 2004), which are a low-quality microbial substrate. Many studies
have shown that PyC is not susceptible to microbial degradation (Baldock & Smernik, 2002; Bruun et al.,
2012) and thus constitutes a long-term carbon sink, yet models have shown that microbial degradation
may be an important loss mechanism on a millennial and even shorter time scales (Foereid et al., 2011;
Singh et al., 2012). These questions surrounding PyC residence time in soils contribute to the uncertainty
in global carbon budgets, because approximately 0.2–0.6% of terrestrial biomass is converted into PyC
annually (Santín, Doerr, Merino, et al., 2016). Whether this PyC stays locally in the soil where it may be subject
to decomposition or is carried offsite and buried in sediments for longer time periods is an important
consideration for global carbon models, particularly if PyC production correlates with projected increases
in fire outbreak (Westerling et al., 2006).

The effectiveness of soil as a PyC storage pool is uncertain due in part to the number of extant questions on
its landscape mobility. Rumpel, Chaplot, et al. (2006) reported the favored export of the PyC fraction of SOM
from high slope landscapes under slash and burn agriculture, attributable to the “light nature” of charcoal, or
particulate PyC. Indeed, charcoal is a low-density component of SOM, and due to its propensity to float
(Mulleneers et al., 1999), charcoal may be favored in terms of carbon export from wildfire sites (Berhe
et al., 2012; Wagner et al., 2015). The few studies of overland transport of charcoal from a watershed indicate
up to 50% of the fresh charcoal pool can be lost through surface erosion (Guggenberger et al., 2008; Major,
Rondon, et al., 2010; Rumpel et al., 2009) on timescales as short as 1 year (Major, Rondon, et al., 2010) and that
it is more vulnerable to erosion than other fractions of bulk SOM (Abney et al., 2017; Rumpel, Alexis, et al.,
2006, Rumpel, Chaplot, et al., 2006). Charcoal mobility depends on a number of factors, including the
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chemical and physical characteristics of the charcoal itself (Keiluweit et al., 2010), the type of erosion (e.g.,
splash erosion versus runoff (Rumpel et al., 2009)), and the initial distribution of charcoal after a fire event
(Ohlson et al., 2013). Protection within the soil column has the potential to slow overland erosion, but this
process is highly uncharacterized, and may also be sluggish compared with erosional loss (Boot et al.,
2015). The situation is complicated even further by the increased vulnerability of the landscape to bulk over-
land erosion following a fire due to, e.g., vegetative cover loss and increased soil hydrophobicity (Certini,
2005; Shakesby & Doerr, 2006).

The low envelope density (0.25–0.6 g cm�3) and high porosity (0.55–0.86) of charcoal (Brewer et al., 2014; Gao
et al., 2017; Hatton et al., 2016; Sorrenti, Masiello, Dugan, et al., 2016) may play a particularly important role in
its physical export from soils. Charcoal density is a function of both feedstock and charring conditions (Brewer
et al., 2014), but, in general, it has a dry bulk density (envelope density) much less than 1.0 g/cm3, allowing
charcoal to float. A large percentage of the total volume of pores within charcoal particles are>10 μm in size,
macropores on the scale of plant, and microbial cells (Baltrenas et al., 2015; Brewer et al., 2014), meaning that
much of the available porosity is available to interact with minerals, organic matter, water, and soil biota
(Hockaday et al., 2007; Jaafar et al., 2014; Warnock et al., 2007). These interactions have recently been shown
to significantly alter the physical characteristics of biochar (charcoal intentionally produced for various appli-
cations) in highly controlled field studies (Gao et al., 2017; Sorrenti, Masiello, Dugan, et al., 2016).

In 2011 Texas’s drought drove wildfires that provided an end-member scenario to explore the short-term fate
of natural charcoal added to soils. Our study occurred in a subtropical forest site that prior to 2011 did not
experience frequent burning. The sandy soil at this site is ideal for soil organic matter quantification because
the bulk of soil carbon can be isolated without wet chemical analytical techniques (i.e., by density separations
alone). This region also has very low topographic relief, providing an end-member condition for slope-driven
erosional movement.

We quantified charcoal concentration and the chemistry of the entire SOM pool at the wildfire site five times
over a period of 2 years. We measured charcoal density and assessed the natural distribution of charcoal at
the forest site. We found that charcoal physical properties changed little over the 2 year period despite the
direct charcoal contact with soil biota and minerals. However, SOC chemistry changed quickly following
the fire. We also assessed changes in the spatial variability in concentration of all SOC pools (including char-
coal) by monitoring the fractional uncertainty of each pool. Charcoal was the most spatially variable compo-
nent of SOC, and this variability increased over time, adding evidence to the idea that charcoal is
preferentially displaced.

2. Methods
2.1. Site Description

We collected samples from three unique sites within Rice University’s forest property in Waller County,
located in the lower coastal plains of southeast Texas. The soils at each of the three sites are Paleudalfs.
The vegetation prior to the fire was dominated by loblolly and shortleaf pine trees; some post oak, sweet
gum, and winged elm hardwood trees; and a dense understory of yaupon, common green briar, and
Virginia creeper (Texas Forest Service). The mean annual temperature in Waller County, TX, is 21°C, and the
average annual precipitation is 1,067 mm (223 mm in 2011 and 779 mm in 2012). A wildfire that started
on 5 September 2011 and lasted 10 days burned over 19,000 acres in Waller, Montgomery, and Grimes coun-
ties (Texas Forest Service). We collected replicated samples on 25 September 2011, 24 October 2011, 22
March 2012, 15 September 2012, and 1 November 2013; 10 days, 29 days, 189 days, 1 year, and 2 years after
the blaze. Wemarked three 10m × 10m sites, referred to as A, B, and C, and split them each into 100 subplots,
each 1 m2, on 24 September 2011 (Table S1 in the supporting information). We selected sites with no visible
topographic relief. All three sites (A, B, and C) are within areas that experienced >90% tree mortality during
the fire (Chad Holton, senior forester, Larson & McGowin, personal communication, 2011).

2.2. Sample Collection

During each field visit, we collected a total of nine samples: three 10 cm × 10 cm × 5 cm surface soil samples
from randomly selected 1 m2 subplots within each of the three sites in the forest. We transported them
immediately back to the laboratory in gallon plastic bags and stored the samples at 6°C until processing
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(between 24 and 72 h). We also sampled bulk density at each subplot using a hollow aluminum cylinder with
a known volume of 53.68 cm3.

2.3. Sample Processing

We weighed and dried an ~100 g portion of each soil sample to determine bulk moisture. To determine the
qualities of soil litter and SOM separately, we removed by hand all visible roots and living and nonliving bio-
mass litter from the soil before sieving to 2 mm and drying at 60°C overnight. We separated the picked mate-
rial into two samples: aboveground living biomass (shoots) and other discernible litter material. The “other”
category included charred and noncharred roots, pine needles, seeds, twigs, and bark and is referred to as soil
litter (SL). We took great care to achieve consistent removal of this fraction. It was not possible to discern roots
from other surficial woody biomass from the collected samples due to virtually everything exhibiting some
degree of burn after the fire. Moreover, in order to get the most accurate measure of charcoal in the soil,
we did not want to omit any charred surficial material. In September and October, no living biomass was
observed in the sample plots, but by March some plots had living biomass.

We separated each dried soil organic matter (SOM) sample into a high-density fraction (HF) and a free light
fraction (LF) (<1.8 g/cm3) using a 1.8 g/cm3 NaI solution (density measured using a hydrometer, Fisher
Scientific). We placed approximately 20 g of soil in a 50 mL centrifuge tube and filled with ~40–50 mL of
the NaI solution. We shook the tubes vigorously prior to centrifugation for 30 min at 8,000 rpm. We carefully
decanted the light fraction and filtered it onto a preweighed, precombusted filter. We rinsed the light fraction
copiously with MilliQ water and dried in an oven at 60°C. We ground the dried light fraction soil litter samples
in a mortar and pestle with liquid nitrogen and stored them under vacuum until elemental analysis and
NMR analysis.

2.4. Data Collection
2.4.1. Elemental Analysis
Wemeasured carbon, hydrogen, and nitrogen concentrations of the SL, LF-SOM, and HF-SOM samples using
a Costech 4010 CHNS/O Elemental Analysis System and determined that the SL and LF-SOM fractions consti-
tuted 98.33% of the total carbon pool. We packed samples into tin capsules (5 × 9 mm, Costech). Acetanilide
and phenylalanine (Sigma Aldrich) were the calibration and quality control standards, respectively.
2.4.2. 13C Nuclear Magnetic Resonance Spectroscopy and the Molecular Mixing Model
We used solid state 13C cross polarization magic angle spinning nuclear magnetic resonance (13C CP/MAS
NMR) to determine the chemical composition of the SL and LF-SOM. Because CP/MAS NMR can sometimes
underdetect soil charcoal concentration (Smernik & Oades, 2001), we supplemented the faster, easier
CP/MAS measurements with a few 13C direct polarization NMR experiments (DP/MAS NMR) to assess the
quality of CP/MAS NMR data (see section S1 in the supporting information for observability discussion).
After collection of NMR spectra, we used a molecular mixing model (MMM) approach (Baldock et al., 2004;
Nelson & Baldock, 2005) to determine the lipid, lignin, protein, carbohydrate, and charcoal content of our
SL and LF-SOM samples based on chemical assignments in Table S2 in the supporting information. As
reported above, the HF-SOM was <1.66% of the total carbon pool, a concentration too small to generate
interpretable NMR data. We assessed spatial variability of each carbon fraction estimated by the MMM by
calculating the fractional uncertainty across our data set.

We stored ground SL and LF-SOM samples under a vacuum at room temperature until packing into a 4 mm
diameter zirconia cylindrical rotor with a Kel-F cap for 13C NMR experiments. We analyzed samples on a
200 MHz Bruker solid-state NMR spectrometer (50 MHz 13C resonance frequency) equipped with a 4 mm
magic angle spinning (MAS) probe at a spinning speed of 7 kHz. We calibrated chemical shifts by setting
the carboxyl carbon peak to 176.30 ppm for the glycine spin counting standard. For further NMR analytical
details, see the supporting information.

2.5. Charcoal Density Measurements

We separated out ~100 g subsamples of each of the surface soil samples and oven-dried them overnight at
85°C. From each subsample we hand-picked approximately 1 g of charcoal visible under a 1.75× magnifying
lens. We limit our analysis to the larger particulate charcoal fraction (longest particle axis ≥ 2mm) because
movement of particulate charcoal has been shown to be at least an order of magnitude more significant
than movement of dissolved pyrogenic carbon (Major, Lehmann, et al., 2010). Additionally, focusing on
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macroscopic particles, although time-consuming, has been shown to
capture a large portion of the soil charcoal pool in forest soils (Ohlson
& Tryterud, 2000). We made two types of density measurements on
charcoal particles: skeletal density and envelope density. Skeletal den-
sity measurements report only the density of the charcoal skeleton,
including both the density of any adsorbed solid phase material and
the density of space and materials within completely occluded char-
coal pores. Envelope density measurements report the density of the
entire charcoal particle, including all internal pore space. Because
envelope density values can include up to 80% open pore space, they
are typically much lower than skeletal density values (Brewer et al.,
2014). Together, envelope and skeletal density values can be used to
calculate the total porosity of charcoal (Brewer et al., 2014). We per-
formed skeletal and envelope charcoal density measurements using a
Micrometrics Accupyc 1340 Gas Pycnometer and a Micrometrics
Geopyc 1360 Envelope and T.A.P. Density Analyzer, respectively.

We minimally cut charcoal for skeletal density measurements so that
individual pieces would fit into the 1 cm3 sample chamber. We
calibrated the Accupyc 1340 Gas Pycnometer before each use in
stand-alone mode using two 0.0898 cm3 Nano Calibration Spheres

(Quantachrome Instruments, #75347)made of 440-C stainless steel. We set the purge and operational fill pres-
sure to 134,447.8 Pa for each run and performed 20 purges prior to each analysis. Each sample was measured
until a precision of 0.03% was reached. For the majority of samples this required 5–30 cycles. At least five
skeletal density measurements were averaged for each charcoal sample to achieve an error of less than 5%.

We measured envelope density using 100–200 μm graphite-coated sand (DryFlo) as the displacement med-
ium. We calibrated the instrument prior to each use as per Brewer et al. (2014), using nonporous standards of
the same size and aspect ratio (cut plastic fork tines). We measured the cut fork tines’ density repeatedly on
the Accupyc 1340 (over 800 cycles total) and determined a volume of 0.3617 ± 0.00025 cm3. We used this
value to calibrate the Geopyc.

2.6. Statistical Analyses

To detect statistically significant temporal trends within our data set, we applied two sample t tests between
data points at every sampling time. All temporal trends are analyzed and reported with a significance of
α = 0.05. Significant and statistically significant are used interchangeably throughout this study to indicate
the results of the t test analysis. We also tested for and excluded lone outliers within the density analyses
using Dixon’s Q outlier test, applying a confidence interval of 95%. Errors are reported throughout this study
as standard deviation.

3. Results
3.1. Soil Characterization

On average, soils at our site had a bulk density of 0.92 g/cm3 and a bulk moisture of 9.3% (largely a function of
how recent the last rain event was; see Table S3 in the supporting information). These values varied between
sites and over time, but there were no significant trends in bulk moisture or bulk density values. Both LF-SOM
and SL elemental concentrations statistically significantly decreased with time after fire (Tables S4 and S5 in
the supporting information). LF-SOM was 27.04 ± 2.14%C, 1.27 ± 0.48%N, and 3.06 ± 0.76%H immediately
after fire, and 18.94 ± 2.84%C, 0.80 ± 0.52%N, and 2.08 ± 0.92%H 2 years postfire. SL was 43.43 ± 3.02%C,
1.06 ± 0.62%N, and 5.22 ± 1.13%H immediately after fire, and 33.11 ± 14.11%C, 0.76 ± 0.50%N, and
4.02 ± 1.92%H 2 years postfire.

3.2. NMR
3.2.1. Soil Organic Matter-Free Light Fraction
The CP/MAS NMR spectra (Figure 1) of the LF-SOM pool was generally characterized by large alkyl (0–45 ppm)
and O-alkyl (60–95 ppm) peaks with variable contributions from aromatic moieties (110–145 ppm and

September 2011

October 2011

March 2012

September 2012

November 2013

0100200300
ppm

Figure 1. NMR spectra of LF-SOM fraction at each sampling interval. The black
lines show the average spectral intensity of all samples (n = 9), and the gray
lines show the standard deviation across the sample matrix.
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145–165 ppm), consistent with NMR spectra from forest and fire-
affected soil (e.g., Faria et al., 2015). The large aromatic and phenolic
peaks across all NMR spectra are comparable to values reported in
the literature for fire-affected forests (~30% of signal) (Certini et al.,
2011; Skjemstad et al., 2002; Velasco-Molina et al., 2016). The apparent
decrease in the aromatic peak between the September 2011 and
October 2011 samples is likely due to an increase in deadfall (i.e.,
organic carbon delivery) following the fire that temporarily increased
the relative contributions of the alkyl and O-alkyl peaks. Small peak
contributions between 95 and 110 ppm attributable to di-O-alkyl
functionalities significantly increased throughout the sampling period,
while the 165–215 peak (amide/carboxyl) decreased over time.

The results of the molecular mixing model (Table S6 in the supporting
information) revealed a very high spatial variability in biomolecule
concentration in the LF-SOM, a trend that continued through time.
Despite this high variability, in the months following the fire, some
significant changes occurred in all fractions except proteins (Figure 2).
Carbohydrate concentration statistically significantly increased in the
months following the fire from 25.3 ± 10.5% to 34.5 ± 6.6%, then
decreased to an average value of 28.1 ± 5.8% while lignin concentra-
tion displayed the opposite trend (19.0 ± 3.5% to 15.9 ± 4.5% to
20.0 ± 9.1%). Lipid concentration increased across the time series,
and charcoal concentration showed high variability with a significant
decrease over time. Protein content is relatively unchanged through-
out the 2 year period. The alky/O-alkyl ratio, a metric for decomposition,
did not significantly change over time, while the carbon oxidation state
(Cox), another organic matter metric (Clay & Worrall, 2015; Hockaday
et al., 2009; Masiello et al., 2008; Worrall et al., 2013), statistically signifi-
cantly decreased following the fire (�0.2 to �0.4) (Table S8 in the sup-
porting information). This indicates that the remaining SOM pool
became more reduced, suggesting preferential loss and/or decomposi-
tion of oxidized forms of SOM such as carbohydrates and organic acids.
Cox also had a strong positive correlation with charcoal contents
(Figure S1 in the supporting information), as has been demonstrated
previously (Hockaday et al., 2009).

3.2.2. Soil Litter
CP/MAS spectra of the SL fraction (Figure S2 in the supporting informa-
tion) were also dominated by alkyl and O-alkyl peaks, but in contrast to
the LF-SOM, the SL had a consistently larger O-alkyl peak. The alkyl/O-
alkyl ratio, a proxy for decomposition, is consequently higher in the
LF-SOM than the SL fraction, but the SL fraction alkyl/O-alkyl ratio
significantly increased over the sampling period (Table S8 in the
supporting information). The molecular mixing model results again
showed extremely high spatial variability following the fire event
(Table S7 in the supporting information). Five-month postfire, carbo-
hydrate concentration had statistically significantly decreased while
lignin concentration and the concentration of model-attributed carbo-
nyl functionalities had statistically significantly increased. Although
charcoal concentration did not change statistically significantly, it was

highly variable over the entire sampling space and was a significant component of SL, even at the time of first
sampling. The carbon oxidation state of the SL obtained from the molecular mixing model did not show any
statistically significant trends over time following the fire, with an average value of �0.26 ± 0.09 (Table S8 in
the supporting information).
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3.3. Density and Porosity

The skeletal and envelope densities of charcoal particles in the soil
showed a statistically significant change over 2 years of observation.
Over the first few months there was a statistically significant increase
in the skeletal density from 1.54 ± 0.06 g/cm3 to 1.63 ± 0.08 g/cm3,
which then remained elevated but stabilized (Figure S3 in the support-
ing information). At all time periods the spatial variability in skeletal
density was large (Figure S3 in the supporting information), with more
variance within than between sites in some cases.

The envelope density (Figure S4 in the supporting information)
showed a similar trend, with a statistically significant increase from
0.45 ± 0.12 g/cm3 to 0.52 ± 0.11 g/cm3 within the first few months
following the fire event, and then values stabilized at an elevated level
over the entire 2 year period. Spatial variance was again very high
within each site, more so than between sites in some cases. Yet the dif-
ference in average envelope density between sites decreased to nearly
zero over the 2 year period.

Porosity, however, did not change significantly over the 2 year period (average 69.7% ± 12.6%; Figure 3) but
also showed higher variance within a site than between sites. Any differences between sites that existed
immediately following fire disappeared over time (Table S9 in the supporting information).

4. Discussion
4.1. Soil organic Carbon Spatial Variability

Wildfire can be extremely spatially variable, and our results showed that this variability is imprinted on the soil
chemistry for at least 2 years. Previous studies examining the effects of fire on bulk soil chemistry demon-
strated that most fire effects on SOM decrease or relax back to preburn conditions on a decadal timescale
(Alexis et al., 2012; González-Pérez et al., 2008; López-Martín et al., 2016). We find trends in the organic frac-
tion that are consistent with the literature, such as a statistical increase in the lipid fraction of LF-SOM
observed with NMR (González-Pérez et al., 2008; López-Martín et al., 2016). However, all SOM fractions

captured with the molecular mixing model have an elevated fractional
uncertainty that persisted during most of the 2 year period (Figure 4).
This may be due to two separate effects: first, the spatially heteroge-
neous nature of organic matter inputs to the soil following a fire caused
by uneven vegetation distribution and survival, and second, the spa-
tially heterogeneous nature of fire itself that may cause variable above-
ground temperature histories.

Heterogeneity in SOM chemical composition following fire is consider-
able, even on the centimeter scale, and largely undescribed (López-
Martín et al., 2016). In our field site, the fractional uncertainty of
different SOM fractions was high following the fire, as revealed by
NMR and the molecular mixing model (Figure 4), although at the end
of our 2 year sampling period the spatial heterogeneity of most SOM
fractions had begun to drop. This indicates that the spatial heterogene-
ity was likely a result of the fire itself, which has been shown to have
large spatial temperature variations (Santín, Doerr, Kane, et al., 2016).
Our data also show that the high spatial variability of various SOM
fractions following a fire decreases over time (Figures 2 and 4).
Previous literature has found that the recovery of SOMmacromolecular
concentrations to prefire conditions has been shown to take longer
than 2 years (Faria et al., 2015) but less than 7 years (López-Martín et al.,
2016) in Mediterranean regions, indicating the spatial variability and
concentration recover from fire over the same timescale.
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Compared to other SOM fractions, the concentration of charcoal became more spatially variable over time
following a fire, supporting the idea that charcoal is more vulnerable to physical redistribution. At our site
variability in most fractions of LF-SOM decreased with time as the organic fractions rebounded from the fire
disturbance (Figure 4) owing to the locally heterogeneous but temporary impact of fire on bulk SOM quality
(López-Martín et al., 2016). However, the fractional uncertainty (or variability) of charcoal increased markedly
throughout our study period (Figure 4). This could be due to the highly localized but delayed input of charred
tree detritus following a forest fire (Ohlson et al., 2013). However, this is less likely because total charcoal con-
centration decreased steadily throughout the study period. Another explanation is that charcoal, following
initial formation, migrated toward microtopographical lows across our site, indicating that charcoal is
uniquely vulnerable to erosional displacement when compared to other SOM fractions, even in this end-
member study site with no detectable topographic relief. Previous studies have shown large variability in soil
charcoal content over short distances (Ohlson et al., 2013) using manual separation techniques that omit the
smallest size fractions of the charcoal pool. Our NMR approach strengthens this observation by capturing the
variability of the entire charcoal pool.

4.2. Charcoal Physical Characteristics and Erosion

We observed rapid impacts of soil aging on charcoal particle density, with average skeletal density increasing
from 1.54 ± 0.03 g/cm3 to 1.61 ± 0.03 g/cm3 and envelope density increasing from 0.44 ± 0.04 g/cm3 to
0.53 ± 0.05 g/cm3 in the first three months (see Figures S3 and S4 in the supporting information). Two pos-
sibilities exist to explain the concurrent increases in both envelope and skeletal average density. The first pos-
sibility is that lower density particles were preferentially lost to erosion with time. The second possibility is
that charcoal particle density changed because charcoal interacted with the soil matrix. Differentiating
between these two end-member scenarios is possible through examination of the data distribution.
Erosion of low-density particles would skew the average particle density values at each time point upward
through loss of the lowest individual values, but the highest values for individual measurements at each time
point should not significantly change. Our data are not consistent with this hypothesis. Instead, we see an
increase in the highest observed skeletal density values. Immediately postfire the maximum individual value
measured for charcoal skeletal density was 1.76 g/cm3, while the maximum individual value for the entire
data set (1.91 g/cm3) occurred 7months later after prolonged soil exposure. This indicates that individual par-
ticle density was changing. Either biological or mineralogical processes, or a combination of the two,
increased the mass of these particles without significantly impacting the pore space (e.g., by sticking to
the particle surface). Such interactions are observed in aged charcoal particles (e.g., Bird et al., 2017;
Hockaday et al., 2006; Sorrenti, Masiello, Dugan, et al., 2016), but the mechanisms of these interactions are
unclear. The high surface reactivity of charcoal makes mineral reactions likely, but the high porosity of char-
coal makes it favorable as a biological refuge (Warnock et al., 2007), resulting in microbial infill. The concur-
rent increase in both envelope and skeletal density suggests that in this ecosystem, mineral interactions were
more important. While this could cause some soil chemistry consequences such as sorption/removal of vital
nutrients (Sorrenti, Masiello, & Toselli, 2016), it also may provide some protection from future erosional events
as well as maintaining other ecosystem services such as microbial habitats.

The low envelope density and high porosity of charcoal may control landscape redistribution. Many studies
suggest that charcoal is particularly vulnerable to redistribution (Cotrufo et al., 2016; Rumpel et al., 2006,
2009), but this relocation may occur sporadically during large rain events with significant overland flow
(Cotrufo et al., 2016) rather than continuously over time. Integration into the soil column may protect char-
coal from future intensive rain events, but this mixing process is slow, on the order of several years (Boot
et al., 2015). The high porosity of charcoal still remained at our field site after 2 years, despite being mixed
into the topsoil and exposed to interactions with minerals and soil biomass. This indicates that even after soil
mixing, charcoal could retain the high porosity that renders it vulnerable to overland flow, which will impact
soil charcoal concentration estimates. This suggests that erosional movement of charcoal could continue for
years following deposition on the soil surface. In addition, the highly friable nature of charcoal may render it
more vulnerable to breakage, resulting in smaller particle sizes more vulnerable to movement (Liu et al.,
2017), and potentially significantly impacting soil charcoal storage (Inoue et al., 2017). In extremely flat
environments like our field site this may simply mean that charcoal moves around on the landscape, but
in environments with topographic relief this may lead to preferential redistribution of charcoal into deposi-
tional lows and/or watersheds.
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4.3. Implications for Charcoal Production and Storage Under Changing Climatic Conditions

It is possible that increased wildfire productivity brought about by climate change will increase the produc-
tion of charcoal worldwide, leading to increased soil charcoal stocks. Preferential erosion of charcoal adds
complexity to this rather simple model that more fire would lead to increased soil charcoal, as do below-
ground impacts from fire events such as increased production at depth. The relatively large amounts of char-
coal found within the SL fraction in the first month following fire indicate that a significant component of
charcoal is made belowground following hot fires in drought-affected environments. Direct effects to SOM
at depth during a fire are thought to be minimal because of the lower heating rates assumed in soils during
a fire due to water, mineral, and air contents, which both insulate the soil from thermal changes and provide a
heating lag time as dehydration reactions proceed (Mastrolonardo et al., 2015). However, the frequent obser-
vation of charcoal-like functionalities in the mineral soil shortly following a fire (e.g., Knicker et al., 2005;
Mastrolonardo et al., 2015; Miesel et al., 2015) indicates that charcoal production belowground may already
be quite common. In fact, during the first postfire sampling trip we observed small smoke plumes rising from
openings in the burned forest floor, indicating that belowground pyrolysis had occurred. The length of dry
seasons and incidence of droughts may increase with climate change (Liu et al., 2010), decreasing the water
content of soils andmaking below-ground pyrolysis more likely. In this scenario charcoal would be preserved
within the soil immediately, rather than being vulnerable to surface erosional loss or to loss by combustion in
a subsequent fire (Czimczik et al., 2005).

It is not clear whether the introduction of charcoal directly into soil will increase or reduce its loss rate. As
described above, incorporation directly into soil protects charcoal from overland erosion, reducing its physi-
cal loss from the landscape. However, soil incorporation would also increase exposure to microbial commu-
nities, potentially increasing biological loss processes. Soil incorporation also exposes charcoal to aging
processes that appear to be important in determining the long-term physical characteristics of char particles
such as mineral accumulation (Gao et al., 2017; Kasin & Ohlson, 2013; Sorrenti, Masiello, Dugan, et al., 2016).
These aging processes may alter the vulnerability of charcoal to physical redistribution by changing charcoal
physical properties, like density. PyC alteration in soil also renders PyC more vulnerable to such loss mechan-
isms as leaching (Velasco-Molina et al., 2016), which is already an important PyC transport mechanism from
soils (Güereña et al., 2015) and could be sped up by immediate soil incorporation, decreasing soil PyC con-
tents. Additionally, if newly produced charcoal is anchored with roots at shallow, biologically active organic
layers it cannot mix deeper in soils and could be at higher risk of re-combustion in subsequent fires (Czimczik
et al., 2005). The risk of recombustion may be significant in a climate-induced increased drought scenario
where soils are more likely to be subject to higher temperatures. Since soil aging processes contribute sub-
stantially to the likelihood of PyC breakdown, protection from overland erosionmay not significantly increase
soil PyC stocks.

5. Conclusions

We observed an increase in the spatial variation in charcoal concentration over a 2 year postfire experiment.
In contrast, the spatial variation in all other organic fractions decreased over time. These data imply that char-
coal was preferentially mobilized, even in an ecosystem with no detectable topography. This preferential
redistribution indicates not only that care should be taken in interpreting charcoal contents in field samples
but also that modeling the charcoal component of the global carbon cycle will require a greater understand-
ing of the erosion mechanisms that impact its redistribution (Doetterl et al., 2016).

Our results also suggest that plant roots are not sheltered from charring in hot wildfires, and this effect will
likely increase as soils are progressively dried out in hotter climates. This could lead to roots making up a
larger source of charcoal, in general, a precursor material that is not well studied. And finally, we show that
charcoal is themost variable component of soils and that fire chemically imprints the affected soil for a period
of at least two years.
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