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Abney and Berhe

Erosion of Pyrogenic Carbon

Estimating MRT of PyC in Dynamic

Landscapes

Ignoring the contribution of erosion to soil PyC stocks can lead to
errors in both the stock as well as estimated turnover time of PyC
in dynamic landscapes. Many fires occur in areas that are prone to
erosion, but even if an erosional loss term of PyC is included, the
role of erosion as a gain term (in depositional landform positions)
is not yet accounted for within soil PyC budget models, and
rarely accounted for in field studies (Abney et al., 2017). Not
accounting for this gain of PyC can lead to major errors within
our budget models of PyC and C within eroding landscapes.
We have considered three landform positions or types in the
following model: (1) a landform where no sediment material is
being transported to or from that area; (2) an eroding landform
position (e.g., shoulder, backslope), where erosion represents a
loss term for PyC; and (3) a depositional landform position (e.g.,
toeslope or plain), where deposition of PyC eroded from upslope
positions leads to input of PyC. Following works of Stallard
(1998) and Berhe et al. (2008) on erosional redistribution of bulk
SOM, here, a model for first order C kinetics was modified to
assess the potential effect of erosion on PyC dynamics. The first-
order loss rate constant (k) in the first order model (Equation 2)
was replaced with two separate constants for decomposition (k,)
and erosional redistribution (k. ), where k = k, + k. as:

dPyC/dt = I — (ko + k) x PyC (3)

where PyC = soil PyC stock (g m~2); I = soil pyrogenic carbon
inputs (g m~2 yr~1); k, = first-order loss of PyC by abiotic or
biological decomposition (yr~!); and k, = first-order loss of PyC
by erosion (yr_1 ). This k. term describes the different trajectories
of PyC at eroding or depositional landform positions and
accounts for additions or losses of PyC via erosional processes.
Additionally, in the depositional landform position, there is both
a loss of PyC initially deposited that is a function of the stock
of PyC in that landform position (Equation 4). There is also
an increase in PyC stock in the depositional landform position
due to the input from erosion, k, = first-order gain of PyC
by erosion (yr~!) which is a function of the PyC stock in the
corresponding eroding landform position, PyC,,, = eroding soil
PyC stock (g m~2):

dPyC/dt = I — (koxPyC) + (k¢ xPyC,) (4)

For our model calculations, we used published results from
Hammes et al. (2008) where they measured PyC stock in
chernozem soils at a steppe preserve in Russia as a case study.
The soils were sampled twice over about 100 years, first between
1895 and 1903, and then in 1997 and 2004. The authors then
used the difference in PyC stock (measured using the BPCA
marker technique) of the soil between the two time periods
and radiocarbon measurements of SOM to derive MRT of PyC
in soil using a one PyC pool, first-order decay (i.e., linear,
donor-controlled) model (Hammes et al., 2008). Though, this
study does not account for any leaching or erosion of PyC
that could have occurred between the two sampling points.
In our calculations, we assumed the soils had initial soil PyC

stock of 2.5kg PyC/m? (Hammes et al., 2008) and a relatively
low decomposition constant (k,) for PyC of 0.4%/year, which
approximates a turnover time of 250 years (Hammes et al., 2008).
Then, we considered erosion or deposition as loss or gain terms,
as shown in Equations (3) and (4). We calculated the stock of PyC
in the non-erosion (flat) position by assuming that k = k¢ and
that k, = 0. For the eroding position k, represents a loss term for
PyC, while for the depositional position it represents a gain to the
existing PyC stock. The depositional area has erosional inputs of
PyC that maintain a higher PyC stock through the simulation.
The eroding area has both erosion and decomposition acting
together to remove PyC from the soil, so it has the lowest PyC
stock at the end of the 150-year simulation (Figure 5).

This model scenario is an inherently simplified version of
PyC dynamics within eroding hillslopes, and thus operates
under several assumptions. This model assumes a single input
of PyC, an initial even distribution and availability of PyC for
erosional transport, and a landscape comprised of depositional
and eroding landform positions. In real landscapes, landform
positions can act as both eroding and depositional sites, such
as flat locations that would serve as depositional sites can
be susceptible to wind erosion (Pyle et al., 2017). However,
depending on specific fire and environmental conditions, this
model may still hold as a proximate estimation for the erosion

FIGURE 5 | The difference in PyC stock when erosion is considered as a loss
(e.g., via transport out of a soil) vs. a gain (e.g., in depositional landform
positions) in a model of PyC loss over 150 years can lead to around a 2509
difference in PyC stock per m? after 100 years. The assumed initial stock of
PyC was 2.5 kg/m2 (Hammes et al., 2008), and the base decomposition rate
was derived from a 263-year turnover time (kg = 0.0038, from Equation 1).
The rate of erosion was assumed to be 0.001 (Ke, from Equation 1), which
equates to a 1,000-year turnover time. This model also assumes a single input
of PyC into the soil. In reality, multiple fires would have occurred during the
150-year run of this model, suggesting that soil PyC stocks would not decline
at this rate.
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inputs of PyC into a depositional landform position, particularly
as recent research has demonstrated the preferential erosion of
PyC on even apparently flat landscapes (Pyle et al., 2017). This
model assumes only a single fire event to input PyC, but in
many environments, it is likely that there would be more than a
single input of PyC over the duration of 150 years. This model
also assumes a linear and constant rate of erosion, which is
not likely to occur in natural ecosystem. However, this model
estimation demonstrates the possible order of magnitude error
that might be found in post-fire erodible landscapes, assuming
similar initial stocks and losses via erosion and decomposition.
We found that, for the specific conditions we considered, not
accounting for erosional redistribution of PyC can lead to almost
300g PyC m~2 difference between the maximum gain of PyC
stock from depositional of eroded material and minimum erosion
loss scenarios over a 150-year simulation. Note that the model
presented here is inherently simplistic by design, as it is aiming
to demonstrate the role of soil erosion under three landform
positions. In any given hillslope, the actual role of erosional
redistribution depends on the nature of the landscape, rate of
PyC input, and the environmental variables that control rate
of PyC loss through decomposition, leaching, and/or erosion.
For example, future models could be designed for specific
environments to include additional fluxes of PyC that have yet to
be well quantified, such as bioturbation, leaching, and subsequent
fires, and likely control its stock and residence time in the soil.

The model presented above can also be used to determine the
effect of erosion on mean residence times or persistence of PyC
in soil. The more that erosion contributes to the k term as a loss
of PyC, the larger the overall k term and the faster the turnover
of PyC in a soil, since a portion of the PyC stock would be moved
to downslope positions. Conversely, for depositional landform
positions, the k, adds to the soil profile’s PyC stock, and because
k. would be negative in this case, it lowers the effective k term
in Equation (1), leading to longer turnover times for PyC in soil
profiles of depositional landform positions.

On the local scale, explicitly considering erosion as a loss or
gain term (depending on the landform positions considered) for
PyC in dynamic landscapes leads to considerable differences in
MRT at different geomorphic landform positions. Across even
a single hillslope, soil properties and controls on decomposition
vary considerably. We calculated turnover times for eroding and
depositional landform positions, by assuming a decomposition
rate [kp from Equation 3 of 0.04%/year and an erosion rate
of 0.01%/year (1,000-year turnover time from erosion processes
alone)]. This calculation also assumes that PyC that is eroded and
left in place is similarly impacted by decomposition, which is not
necessarily true based on preferential erosion of PyC (Rumpel
etal., 2009). Under natural conditions, a considerable proportion
of PyC eroded in the short term (up to 1 year) post-fire is likely
mobilized further through the landscape on longer (10 + years)
timescales (Abney et al., 2017).

In this simple model, the erosion rate (k.) was positive for the
eroding landform position (indicating erosional loss of PyC from
eroding landform positions and making net loss of PyC faster)
and negative for the depositional landform position (indicates an
addition of PyC and decreasing the net loss of PyC). This erosion

rate was further divided into five different fractions, such that
0% indicates no erosion, or no erosion accounted for, and 100%
indicates 100% of the 0.01% erosion rate accounted for within
the model. We found that if 100% of this theoretical erosion
rate is accounted for, then the difference in calculated turnover
time is ~150 years (Figure 6). If 50% of the erosional loss of
PyC from a soil is accounted for, then the difference between the
maximum turnover time with erosion as a gain and the minimum
turnover time with erosion as a loss is ~70 years. If the erosion
rate were higher (i.e., the theoretical 100% erosion was a higher
background erosion rate), then this difference in turnover time
would be even greater. This difference in erosion indicates that
over the scale of a landscape, local topographical differences that
determine whether PyC is eroded or deposited over time can play
amajor role in the fate of that PyC, depending on the relative rates
of loss, deposition, and burial of PyC.

This model only applies to the fate PyC that remains on the
surface soils, which is the fraction that is likely to experience
erosion. The fraction of soil PyC that is found in deep soil
layers or gets buried overtime is not likely to experience
significant lateral redistribution with erosion, and hence is not
included in this discussion. Also, the importance of the role
of erosion as a gain or a loss term is also dependent on the
relative role of erosion in each landscape (Figure 6), as different
landscape geomorphologies can lead to drastically different
erosional rates and processes (section Geomorphology of the
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FIGURE 6 | The magnitude of difference in turnover time of PyC associated
with discounting erosion as either an input (deposition of material) or loss
(erosion of material) term can lead to an ~150-year difference error in turnover
time depending on the fractional amount of erosion occurring. The theoretical
percent erosion is the percent of an erosion rate (Ke, from Equation 1) that is
accounted for within this model from an assumed rate of erosion of 0.001
(1,000-year turnover time of PyC via erosion, a slow erosion rate). This erosion
rate is added (deposition of material) or subtracted (erosion of material) from a
base decomposition rate (kg, from Equation 1) of 0.004, corresponding to a
250-year turnover time (Hammes et al., 2008). A theoretical percent erosion of
0% corresponds to no erosion contribution of input or output of PyC from a
soil; whereas a theoretical percent erosion of 100% would lead to either an
input (gain) of PyC into the soil or loss of PyC from the soil that would increase
or decrease the turnover time of PyC by ~70 years respectively.
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Landscape). Furthermore, the intensity, type, and timing of post-
fire precipitation play important roles in controlling the rate of
PyC water-driven erosion (Hammes et al., 2008) and transport of
other soil constituents (i.e., reactive minerals) that may influence
the fate of PyC post-erosion and/or deposition.

Explicitly Considering Erosion in Global
PyC Budgets

The role of erosion in redistributing PyC can also impact global
models of PyC cycling and storage (Bird et al., 2015). The major
global stocks of PyC are 1.05 x 10'° g PyC in the soil (Bird et al.,
2015), 9.87 x 1018 g PyC in the ocean (Ziolkowski and Druffel,
2010), and 1.79 x 10?> g PyC in marine sediments (Masiello,
1998). The major fluxes of PyC are decomposition, which ranges
from 0.25 to 20% loss per year depending on PyC properties
and environment (Table 1), 1% loss per year from leaching and
percolation (Major et al., 2010; Abiven et al., 2011), 7.4 x 102
g PyC per year transported to oceans by rivers (Dittmar et al.,
2012; Jafté et al., 2013), and 0.02% loss of ocean PyC to sediment
per year (Masiello, 1998).

Current global and smaller-scale literature is not fully
accounting for the erosion of PyC and transformations of PyC
during and after erosion throughout the global ecosystem, even
though the stocks are in approximate steady state (Bird et al.,
2015). This indicates that while preferential loss of PyC via
erosion may serve as a significant loss mechanism for PyC,
it is also likely acting as a stabilization mechanism of PyC
for the budget to remain roughly in balance. Furthermore,
uncertainties also remain concerning the role of erosional
transport in physical breakdown and decomposition of PyC
during erosional transport. In the landform position model
presented here, the rate of decomposition during erosional
transport was assumed the same as non-pyrogenic carbon,
although there is considerable evidence that this is not likely
the case (Santos et al., 2012; Whitman et al., 2014). Since this
assumption would likely prove invalid and PyC decomposition
during erosion is considerably lower, this would have important
implications for the long-term stabilization of PyC. Moreover,
this model also assumes a steady state of erosion and even
distribution and formation of PyC across the landscape, which
is not representative of the heterogeneous nature of fire. Finally,
even though erosion of PyC from slopes represents a loss process,
it serves the opposite role when the PyC is buried in depositional
landform positions. If we assume that erosional redistribution,
and subsequent burial of eroded PyC in depositional soil
profiles can effectively reduce its decomposition rate, then
the process of soil erosion can potentially be a stabilization
mechanism for PyC in dynamic landscapes (Berhe et al., 2007;
Berhe and Kleber, 2013). Future research should investigate
the long-term fate of PyC that is eroded and buried, and the
magnitude that this can serve as a mechanism for increased soil
C storage.

The models presented here do not necessarily represent
natural variation in timing and magnitude of fire, erosion, and
future climates that may alter the global PyC cycle, particularly
as large erosion and fire events are strongly controlled by local

climatic conditions (Westerling et al., 2006). The loss of PyC from
the soil is likely more episodic and variable in nature than these
scenarios account for, and therefore this loss may be different
than predicted by constant rate functions used in this model.
Also, these calculations do not account for the decomposition or
loss of PyC from groundwater or through leaching.

In addition to the limited knowledge of the controls on
breakdown of PyC in the soil system, it is widely agreed
that the laboratory-based incubation studies are over-estimating
the rate of PyC decomposition due to the disturbance of the
soil and since decomposition conditions are considered to be
more optimal in the laboratory compared with field conditions.
Many of the laboratory based estimates are over 10% PyC loss
per year (Nguyen et al., 2010; Foereid et al., 2011), which is
inconsistent with calculated PyC MRT measurements that range
from several hundred years to several millennia (Hammes et al.,
2008; Lehmann et al., 2008; Singh et al., 2012; Bird et al., 2015).
It is also possible that erosional deposition and burial of PyC is
a more significant process for the long-term stabilization of PyC
than previously considered. If erosion is playing a significant role
in the stabilization of PyC and if decomposition rates of PyC are
consistently over-estimated, this could have major implications
for global models of PyC cycling and storage (Bird et al., 2015).
Parameterizing global stocks and fluxes of PyC is critical, because
PyC could be serving a major role that has so far not been
accounted properly in global C budgets (Lehmann, 2007; Santin
et al., 2015).

While current box models, such as in Bird et al. (2015), suggest
that erosion is playing a role in redistributing PyC and a role in
burying it for longer-term storage within the soil system, these
models are a simplification of the global PyC cycle that do not
include quantitative inputs such as type of erosion, climate data,
and topography, which are critical for determining the effects
of erosion on PyC turnover times and persistence. What can
conclusively be drawn from the model scenarios presented here
is that the role of erosion of PyC should not be ignored as
a factor controlling its long-term fate within the soil and that
further research is needed to quantitatively describe and realize
the variability in these systems.

Remaining Uncertainties in PyC Erosion
and Recommendations for Future
Research

The variation in the estimates of loss of PyC reflects both
the spectrum of methodologies used to measure PyC and
the lack of inclusion of erosion and other processes, such as
leaching, as loss mechanisms. The dynamics of PyC within the
soil system depends on prevalent environmental conditions,
such as temperature, precipitation, land use, slope, aspect, and
vegetation. Available data on the magnitude of loss of PyC
from the soil by different processes is currently incomplete, and
has a lot of uncertainty, making model parameterization very
difficult (see Table 1 for published magnitudes of fluxes of PyC).
In particular, the rates of erosion and burial of PyC and the
mechanisms and magnitude of the transport of PyC from land
to water need further investigation (Bird et al., 2015; Santin et al.,
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2016), particularly in ecosystems that are susceptible to erosion,
such as upland temperate forests.

One of the major challenges in quantifying PyC fluxes within
the environment is that no single analytical technique can
measure the range of materials that make up PyC continuum,
including soot, charcoal, and charred biomass (Masiello, 2004).
Many different techniques (e.g., physical separation, nuclear
magnetic resonance spectroscopy, mid-infrared spectroscopy,
benzene polycarboxylic acid, mid-infrared spectroscopy, and
partial least squares regression) are currently being used to
measure PyC concentration and composition (Schmidt and
Noack, 2000; Gustafsson et al., 2001; Masiello, 2004; Preston
and Schmidt, 2006; Hammes et al., 2007; De La Rosa et al.,
2008; Wiedemeier et al., 2013, 2015; Cotrufo et al., 2016), with
varying degrees of accuracy for quantifying different types of
compounds in the PyC continuum (Masiello, 2004; Hammes
et al., 2007). Due to the variety of techniques currently used, and
a lack of meaningful standardization methods for the different
techniques, direct comparison of published results is extremely
difficult. Many PyC-like, aromatic materials can be confounded
with PyC in some of these techniques, further adding error to
these analyses, along with some of them having varying degrees
of sensitivity to aromatic condensation (Skjemstad et al., 1999).
Hence, the data and arguments presented above are based on
the most conservative results and least contradictory conclusions
that we could draw from published literature.

In the simple decay model presented here (Figure5), in
the absence of new input, the soil’s PyC stocks were declining
considerably lower than the current PyC soil stock measurements
would suggest. It is likely that the inferred or measured rates of
PyC loss in soils are overestimating the effectiveness of microbial
decomposition, especially for the studies generated from short-
term laboratory experiments conducted under ideal climate and
environmental conditions, especially since some research has
indicated an initial priming effect with the addition of PyC
(Zimmerman et al., 2011). In longer-term laboratory incubations
and models, rates of PyC decomposition are considerably lower
and are generally non-linear (Kuzyakov et al., 2009; Foereid
et al., 2011), in contrast to the linear the model presented here.
Future modeling efforts should focus on the temporal variability
in inputs of PyC into the soil in addition to the role of erosion as
both and input and loss process for PyC.

CONCLUSIONS

Interactions of environmental perturbations such as fire and
erosion can play significant roles in regulating PyC and
SOM persistence in dynamic landscapes. The synthesis of
published results and the model presented here illustrates how
not accounting for integrated dynamic decomposition and
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Catchments impacted by wildfire typically experience elevated rates of post-fire erosion
and formation and deposition of pyrogenic carbon (PyC). To better understand the
role of erosion in post-fire soil carbon dynamics, we determined distribution of soil
organic carbon (SOC) in different chemical fractions before and after the Gondola fire
in South Lake Tahoe, CA. We analyzed soil samples from eroding and depositional
landform positions in control and burned plots pre- and post-wildfire (in 2002, 2003,
and 10-years post-fire in 2013). We determined elemental concentrations, stable isotope
compositions, and biochemical composition of organic matter (OM) using mid-infrared
(MIR) spectroscopy for all of the samples. A subset of samples was analyzed by '3C cross
polarization magic angle spinning nuclear magnetic resonance spectroscopy (CPMAS
8C-NMR). We combined the MIR and CPMAS '3C-NMR data in the Soil Carbon
Research Program (SCaRP) partial least squares regression model to predict distribution
of sail carbon into three different fractions: (1) particulate, humic, and resistant OM
fractions representing relatively fresh larger pieces of OM, (2) fine, decomposed OM,
and (3) pyrogenic C, respectively. Samples from the post-fire eroding landform position
showed no major difference in SOC fractions 1 year post-fire. The depositional samples,
however, had increased concentrations of all SOC fractions, particularly the fraction that
resembles PyC, 1 year post-fire (2002), which had a mean of 160 g/kg compared with
burned hillslope soils, which had 84 g/kg. The increase in all SOC fractions in the post-fire
depositional landform position 1 year post-fire indicates significant lateral mobilization
of the eroded PyC. In addition, our NMR analyses revealed a post-fire increase in
both the aryl and O-aryl carbon compounds in the soils from the depositional landform
position, indicating increases in soil PyC concentrations post-fire. After 10 years, the
C concentration from all three fractions declined in the depositional landform position
to below pre-fire levels likely due to further erosion or elevated rates of decomposition.
Thus, we found, at this site, that both fire and erosion exert significant influence on the
distribution of PyC throughout a landscape and its long-term fate in the soil system.

Keywords: erosion, pyrogenic carbon, soil organic carbon, stabilization, wildfire
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INTRODUCTION

The soil system plays major role in the global terrestrial carbon
(C) cycle, as it stores more C than the biosphere and atmosphere
combined (Post and Kwon, 2000; Lal, 2003a; Scharlemann et al.,
2014) in pools that cycle at a slower rate than the C in the
atmosphere or biosphere (Lal, 2004). The ability of the soil system
to store and cycle carbon, however, is modified by a range of
physical perturbations that the soil system experiences, including
fire and erosion (Lal, 2003b; Berhe et al., 2007; Bird et al., 2015;
Santin et al., 2015).

Fire can have multiple direct and indirect effects on the
biogeochemical cycling of C in the terrestrial ecosystem. For
example, the release of nutrients from burned biomass can lead
to a spike in initial productivity and subsequent regrowth in plant
life post-fire (Johnson et al., 2004, 2007). The loss of vegetation
that would otherwise stabilize soil in eroding landform positions,
along with increased soil hydrophobicity after moderate severity
fires leaves soil more directly exposed to weathering and erosion
(DeBano, 2000; Shakesby et al., 2000; Larsen et al., 2009). Fires
can also raise soil pH, alter cation exchange capacity, and change
the soil organic matter (SOM) composition (Giovannini et al.,
1988; DeBano, 1991; Certini, 2005; Liang et al., 2006; Araya et al.,
2016).

Fire leads to the formation and deposition of pyrogenic carbon
(PyC) on topsoil. Broadly, PyC is C that has been chemically
altered by fire, and includes a spectrum of materials ranging
from charred biomass to soot and ash (Masiello, 2004; Bird
et al, 2015). Generally, PyC is considered to have a longer
mean residence time than non-pyrogenic soil C, typically on
the multi-centennial time scale (Hammes et al., 2008; Bird
et al., 2015). However, in the past two decades, there has been
growing evidence for PyC decomposing on shorter time scales,
on the order of days to years (Cheng et al., 2006; Nguyen et al.,
2009; Soucémarianadin et al., 2015). Furthermore, Bird et al.
(2015) suggested a multi-pool model of PyC decomposition,
where physical or chemical components of PyC are considerably
more susceptible to decomposition than others. Ultimately,
the breakdown of PyC and its loss from the soil system
appear to be controlled by environmental conditions, particularly
temperature and moisture, in addition to soil-specific conditions,
such as landform position, aggregation, and depth, among others
(Bird et al., 2015; Boot et al., 2015). Current estimates of PyC
mean residence time in soil range from 250 to 300 years (Hammes
et al., 2008), but the lack of data or predictive capability for the
time scales and magnitude of PyC erosion post-fire potentially
adds considerable uncertainty to these estimates (Bird et al,
2015).

Soil erosion laterally transports 1-5 Gt C per year (Stallard,
1998; Battin et al., 2009). The amount of material mobilized
in a particular watershed is dependent on the intensity and
duration of rainfall, groundcover, vegetation, slope gradient,
and recent fire history (Renard et al, 1997; Pierson et al,
2009). Between 70 and 90% of the soil and associated carbon
mobilized from eroding landscapes is deposited within the
source or adjacent watersheds (Gregorich et al., 1998; Stallard,
1998). Local deposition of eroded material, along with dynamic

replacement of eroded C by production of new photosynthate
and stabilization of at least some of the eroded C in the
depositional settings, leads to an erosion induced terrestrial sink
for atmospheric CO, (Harden et al., 1999; Berhe et al., 2007).

Fire and erosion interact to modify a range of soil physical
and chemical properties post-fire. The loss of vegetation after
high severity fires is one of the main drivers of post-fire erosion,
as vegetation plays a major role in stabilizing eroding soils
(Shakesby et al., 1993; Larsen et al., 2009; Pierson et al., 2009).
In extreme cases, this loss of vegetation can lead to debris
and ash flows when intense rainfall events occur on recently
burned hillslopes (Carroll et al., 2007). In addition to the loss of
stabilizing vegetation, fire can produce a hydrophobic layer below
the surface of the soil which can change the hydrologic flow along
a hillslope (DeBano, 1991; Shakesby et al., 2000), reducing rate of
water infiltration to soil and enhancing rates of runoff (DeBano,
1991; Shakesby et al., 2000; Pierson et al., 2013).

Post-fire erosion of topsoil rich in PyC can play an important
role in controlling the stock and residence times of PyC in the
soil system. So far, relatively few studies have focused specifically
on the erosion of PyC. From the available data, it is becoming
increasingly clear that PyC is highly susceptible to erosive forces,
more so than non-pyrogenic C (Rumpel et al., 2006; Yao et al,,
2014). After high severity wildfires, PyC has been documented
to have enrichment ratios (concentration in eroded sediment
divided by concentration in source soils) of up to 2.3 across
the watershed scale (Rumpel et al., 2006). The observed high
enrichment ratios of PyC are partly due to its relatively lower
density compared with other SOM constituents, along with its
concentration in the upper soil horizons and hydrophobicity
(DeBano, 2000; Rumpel et al., 2006, 2015; Brewer et al., 2014).
There is some evidence that erosion of PyC is controlled by
different processes than non-pyrogenic C. Yao et al. (2014) found
that the proportion of PyC compared with total C decreases with
increasing soil erosion, while total C erosion increases with bulk
soil erosion due to mobilization of deep and mineral-associated
C. Erosional loss of PyC from sloping landform positions and
depositional input of PyC into lower-lying depositional landform
positions post-fire can significantly decrease or increase its mean
residence time, as is observed with bulk C in soils that are not fire
impacted (Berhe et al., 2007, 2012). Furthermore, the previous
research on non-pyrogenic C has indicated that the burial of
eroded C in lower lying depositional landform positions can lead
to stabilization of through physical and chemical mechanisms
(Berhe et al., 2007). It is likely that, in a similar manner, burial
of eroded PyC can increase its mean residence time for up to
millennia (Marin-Spiotta et al., 2014; Bird et al., 2015).

Vertical mobilization of PyC and other SOM within a
soil profile occurs mainly due to leaching, bioturbation,
and illuviation (Eckmeier et al., 2007; Rumpel et al., 2015).
Leaching is primarily responsible for vertical transport of
dissolved constituents, while bioturbation and illuviation, or
the downwards transport of particles via water flow, can move
particulate PyC and OM down the soil profile. In post-fire
environments, the rate of vertical mobilization of PyC depends
on the size and solubility of the PyC, the nature of the porous
media, including soil texture, bulk density, and porosity, and the
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rate of water flow through soil, which is driven by rainfall amount
and intensity (Bird et al., 2015). Literature reported values for
vertical mobilization of freshly applied PyC are typically on the
order of mm per year (Major et al., 2010; Rumpel et al., 2015),
although this may differ after natural wildfires and with aged
char. The degradation of PyC, and release into the dissolved
phase, creates a slow, centennial-scale loss of PyC from the soil.
As PyC is exposed to environmental conditions, it degrades and
becomes more soluble and can be mobilized at rates more than
40-55 times that from fresh char (Abiven et al., 2011).

The main objective of this study is to understand how PyC
is mobilized laterally and vertically within soil profiles post-fire
and to understand how mobilization of PyC impacts its long-
term persistence in soil. To accomplish these objectives, we used a
combination of spectroscopic techniques to determine how post-
fire erosion changes distribution of C and soil organic carbon
(SOC) fractions at eroding and depositional landform positions
at the site of the Gondola Fire, South Lake Tahoe, California.
Specifically, we determine: (a) how stocks of PyC and other SOC
fractions in eroding and depositional landform positions change
after fire; (b) how lateral distribution of material controls stocks
of PyC and SOC fractions over short (1 year) and longer (10 year)
timescales; and (c) the rates of vertical mobilization of PyC and C
in other fractions down the soil profile post-fire.

METHODS

Site Description

The Gondola Fire burned over 270 ha on July 3, 2002, on the
south shore of Lake Tahoe (38°57" N; 119°55" W, Figure 1),
near Stateline, NV (Saito et al., 2007). The Gondola fire
was characterized as a moderate severity burn, with partial
consumption of the O horizon, and significant heat transfer down
to 1 cm of mineral soil, where temperatures reached up to 200°C
(Carroll et al., 2007). The loss of vegetation during the Gondola
Fire lead to a loss of 20 Mg/ha of C and 257 kg/ha from the
ecosystem (Johnson et al., 2007). Two weeks after the fire, on

July 18, an intense precipitation event that deposited 15.2 mm
of precipitation as rain and hail mobilized 380 Mg (metric tons)
of material downslope, which was deposited in a downslope
riparian area that borders the Edgewood Creek (Figure 2). The
depositional area was about 0.8 ha in size and was densely
vegetated with slopes of 0 to 5% (Carroll et al., 2007; Saito et al.,
2007).

The study area is characterized by Mediterranean climate
with cold and snowy winters and warm to hot summers. The
site receives most of its 87 cm of mean annual precipitation as
snow and has a mean annual temperature of 6.7°C. The study
area is underlain by granitic parent material and is a part of
the Cagwin-Rock Outcrop. Soils of the study area are classified
as coarse, loamy sand, mixed Typic Cryopsamments (Carroll
et al., 2007; Johnson et al., 2007). The dominant vegetation in
the area includes white fir (Abies concolor), Jeffery pine (Pinus
jeffreyi), and Sugar pine (Pinus lambertianna) in the overstory;
and Sierra chinquapin (Castanopsis sempervirens), currant (Ribes
spp.), snowbrush (Ceanothus velutinis), and bitter brush (Purshia
tridentata) in the understory (Saito et al., 2007).

Sampling Design

This site had 16 previously established hillslope sampling plots
(Figure 1), in which seven were burned during the fire, seven
were unburned, and two were partially burned (Carroll et al.,
2007). Directly below the burned hillslope, within the identified
deposition area of eroded material from the hillslope plots,
17 sites were selected to represent the variability within the
previously identified area where the eroded material from the
ash flow was initially deposited (Carroll et al., 2007). These plots
were sampled before the Gondola Fire, in late spring in 2002. The
same plots were resampled 1-year post-fire, during the summer
of 2003, and then 10-years post-fire in the summer of 2013,
with the addition of 13 new sites in the depositional area. These
additional sites were selected to better capture the variability
in soil properties from this landform position, and since the
previous C and N data from these sites were highly variable, likely
resulting from the multitude of sources for material deposited

OR
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FIGURE 1 | The Gondola Fire occurred outside Stateline, Nevada, in the Van Sickle Bi-State Park (A). Burned plots are indicated by circles; unburned, control plots
are indicated by triangles; and selected depositional sites that were analyzed via nuclear magnetic resonance spectroscopy are indicated by squares and are encircled
(B) in this topography map (B). The topography map (B) is copyright Google Maps 2017.
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FIGURE 2 | A major ash flow occurred after the fire in 2002 (A, photo by J.
Howard). The hydrophobic layer (B, photo R. Abney) created during the fire
persists through the recent sampling (photo from November 2012, R. Abney).
No canopy is left in portions of this moderate severity fire (C, May 2013, R.
Abney).

in this location. In the eroding hillslope plots, soil samples were
collected from five random locations within each plot by depths
of 0-10, 10-30, 30-60, and 60-100 cm, which approximately
corresponds to genetic horizons All, A12, AC, and C (Johnson
et al., 2007). In the depositional sites, soil was collected from the
depth of 0-15 cm, to capture the mainly ash material that was
initially deposited in that landform position, although the profile
at this landform position extended deeper. The five replicates

from the hillslope soils were composited and homogenized, and
all samples were passed through a 2-mm sieve prior to further
laboratory analysis. The 2002 and 2003 samples were previously
analyzed for various soil and elemental properties, and section
Basic Soil, Elemental, and Isotopic Analyses describes the analysis
of samples collected in 2013, which duplicates the analyses
conducted on the 2003 and 2003 samples, except for the addition
of stable isotope analyses.

Basic Soil, Elemental, and Isotopic

Analyses

Air-dried, sieved soils were analyzed for pH in a 1:2 ratio of soil
to both water and 0.01 M CaCl, solutions with a Fisher Scientific
Basic Probe (AB15 meter, Waltham, MA). Gravimetric water
content was measured via drying approximately 10 g subsets of
field-moist soil in an oven at 105°C for 48 h. Bulk density was
determined by the core method, where a 5 x 10 cm core was
hammered into the soil, and dried at 105°C for 48 h.

Prior to C and N elemental and isotopic analysis, air-dried
soils were ground for 3min in a ball mill (8,000 M Spex Mill,
SPEX Sample Prep, Metuchen, NJ) to a homogenous fine powder.
Samples were tested for carbonates by reacting them with 1 M
HCIL. No effervescence was observed, so we concluded that these
samples had no carbonates and hence the total organic carbon
concentration in the soils is equal to total carbon concentration.
For C, N, and stable isotopic analyses for §!3C and §'°N, we
weighed between 15 and 40 mg of ground soil into tin capsules.
These samples were combusted in a Costech ECS 4010 CHNSO
Environmental Analyzer (Valencia, CA) connected via a Conflo
IV interface (Thermo Finnegan, San Jose, CA) to a Delta V
Plus Isotope Ratio mass spectrometer (ThermoFisher Scientific,
Waltham MA). All C and N concentration values are reported as
oven-dry sample weight. The stable isotope values are reported
using the 8 notation, in units of per mil (%o). Samples were
measured against peach leaf and acetanilide, with standard errors
of £ 0.23 §'°N and =+ 0.09 §'3C variation for peach leaf and =
0.15 8'°N and + 0.07 §'3C variation for acetanilide. Duplicate
samples had standard errors of £ 0.20 §'°N and =+ 0.05 §'3C. The
higher variation in standards compared with samples is likely due
to them spanning numerous sample runs and due to variations in
the size of the standards across different sample runs. Our results
were calibrated relative to international standards (e.g., NBS-22,
N-1, and N-2) and are referenced relative to atmospheric N, and
Vienna Pee Dee Belemnite (VPDB).

Spectroscopy

Bulk chemical characterization and determination of PyC
concentrations in the samples were carried out by combining
13C.CPMAS-Nuclear Magnetic Resonance (NMR) and Mid-
Infrared (MIR) Spectroscopy. The data derived from *C NMR
and MIR along with partial least squares regression analysis
(MIR/PLSR) was then used to determine the proportion of PyC
in the soil samples. This NMR and MIR/PLSR technique reliably
estimates the concentration of PyC across a range of soil types
and concentrations of bulk C and PyC (Skjemstad et al., 2004;
Janik et al., 2007; Baldock et al., 2013a) and is also the most cost
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and time-effective technique for quantifying the amount of PyC
in soil to date.

Mid-Infrared spectroscopy (MIR) analysis was conducted
on all ground soils on a Thermo Nicolet 6700 spectrometer
(ThermoFisher Scientific, Waltham, MA) using a Pike AutoDiff
diffuse reflectance attachment (Pike Technologies, Madison, WI),
as described in Sanderman et al. (2011). A KBr beam-splitter
scanned the samples 60 times and produced absorbance spectra
from wavenumbers 7,800-400 cm™~!. Spectra were background
corrected against silicon carbide and then baseline corrected.
Peak region assignments were adapted from Araya et al. (2017).

A subset of samples was analyzed via '*C-CPMAS NMR
spectroscopy on a Bruker Avance system (200 MHz) equipped
with a 4.7T wide-bore magnet with a resonance frequency
of 50.33 MHz. The Kennard-Stone algorithm was utilized to
pick 20 samples for NMR analysis that incorporated the most
variability in the MIR dataset (Kennard and Stone, 1969). This
algorithm and principal components analysis demonstrated that
most variability was in the deposition samples, and first axis
accounted for 86% of the variance in the MIR data. The NMR
analyses were conducted on only depositional landform position
soils, as the eroding soils did not produce usable spectra, likely
due to either the low C observability of these samples or
paramagnetic interference. Principal component analysis of the
MIR spectra confirmed that most of the variability in the soil
chemical properties was in the depositional soil samples. Samples
for NMR analysis were packed into a 7 mm zirconia rotor, and
a standard cross polarization experiment was performed using a
pulse of 3.2 ps, 195W, 90°, a contact time of 1 ms and a recycle
delay of 1s (Sanderman et al., 2011; Baldock et al., 2013a).

Of the 20 samples selected for NMR, nine of them produced
poor quality spectra and were demineralized with HF prior to
re-analysis to increase C content of samples, decrease noise
in the spectra, and remove interference from paramagnetic
species in soil (Smernik and Oades, 2002). This method can
alter SOM composition (Sanderman et al., 2017), but has been
widely used to make spectra collection possible (Schmidt et al.,
1997). To demineralize the samples, they were washed nine
times with 45mL of 2% HF over the course of a week, and
then three times with DI water (Skjemstad, 1994; Sanderman
et al, 2011). To determine C observability, glycine was used
as an external reference (Smernik and Oades, 2000a,b), and
from the NMR analysis, 18 usable spectra were produced, with
C observability over 25%. Spectra were compared to a glycine
standard for observability. For these NMR analyses, 10-20,000
scans were collected per sample, and the collected spectra were
integrated into eight regions: 0-45 ppm (Alkyl), 45-60 ppm
(N-Alkyl/Methoxyl), 60-95 ppm (O-Alkyl), 95-110 ppm (Di-O-
Alkyl), 110-145 ppm (Aryl), 145-165 ppm (O-Aryl), 165-190
ppm (Amide/Carboxyl), and 190-215 ppm (Ketone).

For the samples from erosional sites, the Soil Carbon Research
Program (SCaRP) MIR-PLSR model was used to predict three
organic C fractions within the soil samples: resistant organic
carbon (ROC, particles that are chemically similar to charcoal,
or PyC), particulate organic carbon (POC, particles 50-2,000 pm
excluding PyC), and humic organic carbon (HOC, particles
<50 pm excluding PyC) (Baldock et al., 2014). This model has

proven to be a reliable and time-effective method for predicting
soil fractions and has been demonstrated a reasonable predictor
across different land uses and vegetation types in and out of
Australia (Baldock et al., 2013b; Ahmed et al., 2017; Jauss et al.,
2017). The SCaRP model is based on 312 soils collected from
agricultural soils across Australia, and it independently predicts
organic carbon originating from three fractions without the need
for mechanical processing of samples (Baldock et al., 2013a). Due
to the independent predictions of the three fractions within this
model, the sum of C in each fraction does not necessarily add up
to 100%, and the error of the total C predictions averaged 108 +
11% of the measured total C concentration.

However, due to a poor fit of the SCaRP model to the PyC
fraction in the depositional soils, a separate NMR/MIR PLSR was
created from the NMR and MIR data collected on these samples
using the partitioning of OC into PyC and non-PyC components
using the NMR data as described by Baldock et al. (2013a). This
separate, 6-factor model built on square root of transformed PyC
data (n = 18) explained 87% of the variance using leave-one-out
cross validation with a relative root mean square error of 17%.

Data Analysis

All data analyses and figure generation for this observational
study were conducted in RStudio (version 1.0.316, rstudio.com).
Separate linear mixed effects models were built to (1) assess the
transport of organic carbon fractions and bulk carbon through
the soil profile with time, and (2) to assess surficial transport
of these fractions across the surface of the landscape (0-10 cm
for eroding hillslope and 0-15 cm for depositional soil). The
depth model (1) predicted SOC fraction using time, depth, and
burning as fixed factors and plot number as a random factor. The
surface transport model (2) predicted SOC fraction used time,
landform position, and burning as fixed factors and plot as a
random factor. Models were tested for significance (p < 0.05)
by comparing null intercept-only models to models with fixed
and random effects using the likelihood test. Differences between
treatments were assessed using a Tukey Honest Significant
Difference test and were also assumed significant at p < 0.05.
For all other statistical comparisons without time as a factor,
two-way ANOVAs were used with depth and burn or control
as predictors. Means are presented with standard error with
n = 8 for eroding hillslope samples and n = 30 for depositional
samples.

RESULTS

Bulk Soil Properties and Elemental

Concentrations

Soils from the eroding landform positions were generally acidic
pre-fire across all sampling times. However, at depths below 30
cm in 10-year post-fire sampling period the soil pH values were
in the neutral range (Table 1). The pH of the eroding soils, in both
the burn and control plots, increased after the fires by up to 1.25
units. Bulk density showed <0.2 g/cm? change in the 1 year post-
fire time point, with the values increasing in the burned plots
and decreasing in control plots. Soils at the depositional landform
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position had a pH range and bulk density values that were similar
to the topsoil from the eroding position.

Soils from the eroding positions had <20 g/kg C, in which
C concentrations showed a consistent, but statistically not
significant (p = 0.83), decreasing trend with depth in both the
burn and control plots in the control and burn plots (Figure 3).
The soils generally had very low N concentrations (<0.01 g/kg).
There was a marked decrease in concentration of both C and

N in topsoil (0-10 cm) immediately post-fire, but the values
reverted to pre-fire levels at the 10-year post-fire sampling period
(Figure 3).

In contrast to the eroding soils, the total C concentrations
in depositional soils ranged from 20 to 100 g/kg, and increased
significantly between the pre-fire and post-fire time points
(p = 0.00, Figure 4). The depositional soils did not significantly
(p = 0.38) differ in N concentration than those from the eroding

TABLE 1 | Soil pH and bulk density for the eroding landform position.

Location Depth Pre-fire Post-fire Ten-years post-fire
pH in H,O pH in CaCly Bulk density pHin H,0 pH in CaCly pHin H,O0 pH in CaCly Bulk density
(g/cmd) (g/cmd)
Eroding (burned) 0-10cm 5.82 (0.11) 5.09 (0.11) 1.24 (0.07) 6.69 (0.11) 5.98 (0.20) 6.54 (0.13) 5.57 (0.11) 1.41 (0.05)
10-30 cm 5.77 (0.10) 4.98 (0.08) 6.37 (0.23) 5.74 (0.29) 6.64 (0.10) 5.68 (0.13) -
30-60 cm 6.08 (0.24) 5.30 (0.28) 6.35(0.19) 5.65 (0.22) 6.77 (0.11) 5.72 (0.12) -
60-100 cm 6.12 (0.17) 5.39 (0.15) 6.40 (0.09) 5.61 (0.11) 7.37 (n/a) 6.15 (n/a) -
Eroding (control) 0-10cm 5.99 (0.18) 5.33(0.20) 1.24 (0.05) 6.09 (0.06) 5.46 (0.05) 6.79 (0.14) 5.91(0.18) 1.13(0.04)
10-30 cm 5.85 (0.22) 5.03 (0.23) 5.87 (0.06) 5.21 (0.06) 6.77 (0.17) 5.57 (0.17) -
30-60 cm 5.37 (0.14) 4.88(0.17) 5.59 (0.11) 4.98 (0.03) 6.40 (0.21) 5.23 (0.27) -
60-100 cm 5.86 (0.11) 5.10 (0.16) 5.97 (0.09) 5.17 (0.08) 6.65 (0.12) 5.72 (0.24) -
Standard error presented in parentheses (n = 7 control, and n = 8 burned).
Carbon (g/kg) Nitrogen (g/kg) CN atomic ratio
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FIGURE 3 | Carbon (C), nitrogen (N), and the atomic C:N ratio in the eroding position before burn, 1 year post-fire, and 10-years post-fire. Error bars represent
standard error.
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positions, when accounting for the effects of depth and time. The
mean total N during the 2013 sampling period was 0.005 g/kg and
the mean total C was 18.7 g/kg (Table 2).

SOC in Fractions and PyC

The concentrations of SOC fractions in the depositional
landform position increased significantly between the pre-fire
and 1-year post-fire sampling time points (p = 0.00, Figure 5).
However, there was a significant decrease in the concentration
of all three SOC fractions at the 10-year post-fire sampling point
(p = 0.00) to below the pre-fire concentrations.

Linear mixed effects models indicated that the C
concentration in the organic carbon fractions from the
eroding soils (Figure 6) significantly depended on sampling
time, depths, and burn condition (Tables 3, 4). Concentrations
of SOC fractions did not decline significantly with depth (PyC
p = 0.82, POC p = 0.94, HOC p = 0.60), but the top horizon
had higher concentrations of each of the SOC fractions than the
deeper horizons. The eroding soil regressions also indicated that
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FIGURE 4 | Total C (A) and C:N ratio (B) for the depositional landform position
for samples taken at 0-15 cm. Error bars represent standard error with n = 30.

the 2013 sampling time had significantly higher concentrations
(p =0.02) of each of the SOC fractions than was non-significantly
(PyC p=0.66, POC p = 0.36, HOC p = 0.18), more concentrated
in burn plots compared with control plots, and was significantly
(p = 0.02) more concentrated in 2013 compared with the earlier
sampling points.

The statistical model of the SOC fractions in the surface soil
indicated that there was no statistical difference between the pre-
burn and 1 year post-fire sampling times, but that the 10-year
post-fire sampling had significantly lower SOC concentrations
(p = 0.00), largely driven by the large decline in SOC fractions
in the depositional landform positions. There were no significant
differences in the burn and control plots on the eroding hillslope
(PyC p = 0.92, POC p = 0.79, HOC p = 0.834). Across the
three SOC fractions and accounting for sampling time and burn,
the eroding plots had significantly lower concentrations of the
SOC fractions than the depositional landform positions (HOC
p = 0.00, POC p = 0.00), except for the PyC fraction (p = 0.05).
However, the eroding landform position had significantly higher
concentration of SOC fractions at the final sampling point than
the depositional landform position.

In the eroding plots only model, the burned plots had non-
significantly higher PyC concentrations than the unburned plots,
and the 10-years post-fire sampling point had significantly higher
concentrations of PyC compared with pre-burn (p = 0.00) and
1-year post-burn (p = 0.02) concentrations. Both the burned and
unburned plots had significantly higher HOC concentrations in
the 10-years post-fire sampling point compared with the pre-
and post-fire sampling point (p = 0.00 and p = 0.00). The
unburned plots had slightly, but non-significantly (p = 0.64),
lower concentrations of HOC than the burned plots.

In each of the sites, the three SOC fractions in the surface soils
were summed and the proportion of PyC to total C was calculated
(Figure 7, Tables 3, 4). There was no significant trend with ROC
fraction with depth (p = 0.11) or between burn and control plot
(p = 0.44), but PyC made up a significantly higher proportion of
hillslope SOC compared with the depositional landform position
(p = 0.00). The PyC fraction was also significantly lower in the
10-years post-fire time point compared with either of the first two
time points (p = 0.00).

Isotopic and Spectroscopic Composition
of SOM

For the 10-year post fire eroding plots, §'°C values were
significantly more positive (p = 0.02) in the control vs. burned
plots (Figure 8). The §'>C of bulk SOM decreased with depth but
the relationship was not statistically significant (p = 0.72). With
increasing depth into the soil profiles of the eroding plots, the

TABLE 2 | Soil pH and bulk density for the depositional landform position, and summary elemental and stable isotope analyses for the depositional landform position soil

collected in 2013.

Depth pHinH,O0 pHinCaCl,  Bulk density (g/cm3)  §15N

s13¢c C:N atomic ratio Nitrogen (g/kg) Carbon (g/kg)

0-150m  6.85(0.12)  5.80(0.14) 1.22(0.12)

3.84 (0.18)

—25.73(0.47)  37.76(1.27) 0.005 (0.000) 18.7 (2.2)

Standard error presented in parentheses (n = 30).
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FIGURE 5 | Soil organic carbon fractions (particulate organic carbon, or POC; humic organic carbon, or HOC, and pyrogenic carbon, or ROC) from pre-fire (2002),
1-year post-fire (2003), and 10-years post-fire (2013) surface soils. Eroding surface soils were collected from 0 to 10 cm and depositional soils were collected from O
to 15 cm. Error bars represent standard error with n = 16 for eroding sites and n = 30 for depositional sites. Eroding B refers to the burned eroding plots, and Eroding
C refers to the control (unburned) eroding plots.

815N values were significantly more positive in the control plots
compared with the burned plots (p = 0.02).

The MIR data indicate that both the control and 10-year
post-fire plots showed an increase in peak heights in the ~-OH
function group (3,700 cm™!) with depth and a decrease in the
—CH (2,940 cm™!). The ester and phenol regions (1,159 and 995
cm™!) also showed a decrease in peak heights with depth into the
soil profile in both the pre- and post-fire spectra based on DRIFT
spectra designations of Araya et al. (2017). The most important
differences in the MIR spectra in the soils from the burned
and control plots, for regions of interest to SOM composition,
(Figure 9) were observed in the spectral regions representing
asymmetric and symmetric C-H stretching vibrations in aliphatic
compounds (2,924 and 2,850 cm™!, respectively); C = C
stretching vibrations of aromatic compounds (1,650 cm™!); N-H
bending vibrations and C = N stretching vibrations in amides
(1,575 cm™!); C-H bending (1,390, 1,405, and 1,470 cm™!)
in aliphatic groups; C-O stretching and asymmetric stretching
vibrations in carboxylic and phenolic groups (1,270 cm™!); and
C-O symmetric vibrations in polysaccharides (1,080 and 1110
cm™!). The peak heights in the aromatic and polysaccharide
regions were highest in the top soil (0-10 cm) of all landform
positions and burned and control soils, due to higher C
concentrations there. We also observed increased peak highest
in the aromatic region at 10-30 and 60-100 cm depths, and in
the polysaccharide regions below 60 cm depths in the burned

soils. All soil depths had increased peak heights in the amide
region.

Comparing the pre-fire (2002) and post-fire (2003) NMR
spectra of soil from the depositional position (Table 5, Figure 10)
shows increased contribution of aryl and O-aryl groups (110-
165 ppm), alkyl (0-45 ppm), and ketones (190-215 ppm); and
reduced contribution of O- and N-substituted alkyls (45-110
ppm) and amide and carboxylic groups (165-190 ppm). The
largest shift in distribution of C in the different organic functional
groups was observed in the aryl region that saw an increase by
1.9% post-fire.

DISCUSSION

Following the Gondola fire, erosion redistributed soil C and PyC
laterally down the hillslope. Overall, we found an increase in all
SOC fractions in the depositional landform position 1-year post-
fire. By conservatively assuming the concentration of C and PyC
in the transported sediment was equivalent to the concentration
in post-fire control eroding plots, the initial mass movement of
380 Mg of material (Carroll et al., 2007) equates to the transport
of 7.6 Mg C and 2.4 Mg PyC. When accounting for the 3.8 ha of
source area, this is transport equates to 2.0 Mg C and 0.6 Mg PyC
per ha. The post-fire transport contributed to the increase in the
depositional soil C content from 63 to 89 g/kg C, but by itself, did
not contribute all the increase in soil C. It is likely that erosion
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events from the remainder of the post-fire year preferentially
transported SOC and PyC to this depositional landform position
(Rumpel et al., 2006; Stacy et al., 2015). However, by 10-years
post-fire, the SOC fractions in the depositional landform position
sites declined to below pre-fire levels. This decline suggests either
burial by subsequently eroded material with lower SOC levels or
the rapid decomposition of SOC in that landform position. In
the long-term, there were no significant changes in the carbon
concentration of the top soil of the eroding plots, even after the
major erosion event post-fire.

Transport and Loss of Different SOC

Fractions Due to Post-fire Erosion

The slightly increased contribution of the PyC fraction in eroding
hillslope plots that persisted even 10 years after the Gondola fire
confirms the input of PyC from the fire (Figures 5, 6, 10). From
our findings, the PyC continued to be lost from the eroding plots,
presumably via ongoing erosion processes. Our data also show
that PyC is a dynamic pool of SOC, as seen by the significant drop
in the PyC fraction in the topsoil of the depositional landform
position (Figure 5). These findings are consistent with previous
work, where erosion was demonstrated to play a major role
in lateral redistribution of PyC post-fire, with implications for
persistence of PyC in dynamic landscapes (Rumpel et al., 2009,
2015).

All the SOC fractions in the depositional landform position
increased in the 1-year post-fire sampling point and then
decreased to below pre-fire concentrations at the 10-year
sampling point. Based on our data, we conclude that this large
initial increase is likely due to the mass-movement erosion
event that deposited fire-altered material downhill after the
fire. The subsequent loss of C in all the SOC fractions in
the long-term suggests that this SOC material may not be
stabilized if it remains on the surface of the depositional
landform position. The depositional, riparian area characterized
by higher concentrations of both C and N, as well as wetter
soil water conditions, could support higher decomposition rates.
In comparison, the well-drained coarse soils in the eroding
landform positions were relatively C- and N-poor, but contained
a higher proportion of the PyC as a fraction of total C (Figure 7).
This finding is consistent with previous decomposition and
other SOC studies that showed that rate of SOC loss through
decomposition could be faster on the surface of OM rich and
poorly drained depositional landform positions (Berhe, 2012,
2013). In addition to decomposition, SOC loss from the surface
soil in the depositional landform position may become stabilized
in the depositional landform positions particularly if it is buried
by subsequently eroded material (Berhe et al., 2007; Doetterl
etal, 2016).

The cycling and persistence of ROC or PyC, post-fire
is controlled by numerous factors, including erosion and
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TABLE 3 | Eroding hillslope and surface soil model parameter estimates.

Eroding hillslope model

Surface soil model

Parameter Estimate Std. error t-value Parameter Estimate Std. error t-value

PyC Intercept —210.75 49.17 —4.28 Intercept 1634.39 295.22 5.563
Time 0.10 0.02 4.46 Time —0.80 0.14 —5.49
Depth: 10-30 cm —-2.16 0.33 —6.52 Eroding hillslope —-3.74 1.95 —1.91
Depth: 30-60 cm -3.73 0.33 —11.26 Control (unburned) -0.25 2.82 —0.09
Depth: 60-100 cm —4.94 0.36 —13.55
Control (unburned) -0.92 0.69 —-1.32

POC Intercept —96.99 67.76 —1.43 Intercept 1101.91 272.39 4.04
Time 0.05 0.038 1.51 Time —0.54 0.13 —4.00
Depth: 10-30 cm —2.44 0.46 —-5.30 Eroding hillslope —4.96 1.80 —2.75
Depth: 30-60 cm —-3.57 0.46 —7.74 Control (unburned) —0.66 2.60 -0.25
Depth: 60-100 cm —4.21 0.50 —8.31
Control (unburned) —0.59 0.65 —0.90

HOC Intercept —441.09 87.56 —5.03 Intercept 1723.54 428.06 4.02
Time 0.22 0.04 517 Time -0.84 0.21 -3.97
Depth: 10-30 cm —3.59 0.59 —6.08 Eroding hillslope —10.07 2.83 —-3.65
Depth: 30-60 cm —-5.90 0.59 —10.00 Control (unburned) 0.85 4.10 0.20
Depth: 60-100 cm —7.72 0.64 —-11.89
Control (unburned) —0.59 1.21 —-0.48

PyC fraction Intercept 7.39 1.90 3.88 Intercept 24.20 2.59 9.31
Time —0.00 0.00 —3.68 Time —0.01 0.00 —9.21
Depth: 10-30 cm 0.04 0.01 3.14 Eroding hillslope 0.11 0.01 6.65
Depth: 30-60 cm 0.08 0.01 6.40 Control (unburned) -0.02 0.02 -0.93
Depth: 60-100 cm 0.16 0.01 11.27
Control (unburned) —0.03 0.02 —1.58

decomposition conditions (Bird et al., 2015). The PyC fraction
in eroding positions increased slightly over time from pre-fire to
10 years after the Gondola Fire. This increase is likely due to the
redistribution of material or further inputs of charred material.
The Sierra Nevada is a highly fire-prone region (Westerling et al.,
2006), and it might be that numerous fires in the Sierras after the
Gondola Fire deposited ash and smoke in the vicinity (Peterson
et al,, 2015). The lack of significant difference in the PyC and
other SOC fractions in the eroding burn and control plots also
suggests input of PyC from sources other than the Gondola Fire
itself, or that much of the PyC formed on the eroding hillslope
was lost in the initial erosion event (Carroll et al., 2007) or via
rapid decomposition (Kuzyakov et al., 2009; Nguyen et al., 2009).
Reported decomposition rates for PyC range from decadal to
millennial time scales (Kuzyakov et al., 2009; Lehmann et al,,
2009; Bird et al., 2015), and reflect the source material for the PyC
and environmental conditions. Reported rates of PyC breakdown
can be orders of magnitude higher from controlled laboratory
studies compared with field studies, but they suggest that under
some conditions, microbial decomposition is responsible for the
relatively rapid breakdown of PyC (Bird et al., 2015).

In the depositional landform position, undocumented further
erosion events may have resulted in the loss of SOC fractions
on the longer-term scale. At this site, erosion in the depositional

landform position likely served as only a small loss for soil PyC,
due to the lower slope in this landform position, no evidence
for rill formation, which would drive elevated erosion, and the
long-term preservation of this site from development. The initial
eroded material contained a considerable concentration of ash
(Carroll et al., 2007), which is highly susceptible to both wind
and water erosion (Pereira et al., 2015). The mobilization of
1.5Mg C/ha and 0.7 Mg PyC/ha in the initial erosion event
was significant, however, the 1-year post-fire concentration of
PyC in the depositional landform position is double that of
the hillslope plots, suggesting that after the initial erosion
event, more pyrogenic material was eroded and deposited
there.

Topsoil material in depositional landform positions can
become buried by subsequently eroded material, such that it
is possible that the eroded SOC fractions that were initially
eroded were buried by subsequent deposition of eroded material
without higher levels of PyC-SOC (Berhe et al., 2007). These later
erosion events generally transport more mineral material than
the earlier erosion events, since pyrogenic material is typically
preferentially transported in early erosion events after a fire
(Rumpel et al., 2006, 2009; Yao et al., 2014). If the relatively SOC-
rich material that was originally deposited in the depositional
landform position is buried with subsequent erosion, PyC and
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associated other soil C is likely to be physically stabilized in the
soil profile of the depositional position.

The more negative §13C in the surface soil of burned eroding
sites at the 10-year post-fire sampling time point (Figure 8)
suggests that there may have been preferential combustion of
OM with more positive §'*C, such as cellulose and hemicellulose
in plant fragments, leaving behind more isotopically light
material, such as lignin (Benner et al., 1987; Preston et al,
2006; Preston and Trofymow, 2015). For the §'°N values, which
are more negative post-fire, this observation is opposite to
previously published work that demonstrated that soil §'°N
values increase with increasing charring temperature and time
(Saito et al., 2007; Pyle et al., 2015). Nitrogen in soils is

TABLE 4 | Eroding hillslope and surface soil model comparisons with null model
with maximum likelihood method.

2

SOC fraction X df P AIC BIC
HILLSLOPE MODEL
PyC 149.33 5 0.00 629.8 654.4
null model 769.2 778.4
POC 73.18 5 0.00 722.7 747.3
null model 785.9 795.1
HOC 130.48 5 0.00 812.8 837.4
null model 933.3 942.5
PyC fraction 110.87 6 0.00 —408.9 —381.2
Null model -310.0 —300.8
SURFACE SOIL MODEL
PyC 34.30 3 0.00 1011.3 1029.0
null model 1039.6 1048.5
POC 28.36 3 0.00 988.7 1006.4
null model 10111 1020.0
HOC 32.50 3 0.00 1115.4 1133.0
null model 1141.9 1150.7
PyC fraction 91.67 4 0.00 -310.6 —290.0
—226.9 —218.1

complex, and without further chemical description, difficult to
interpret.

At the 10-years post-fire sampling point, the depositional
landform position had relatively similar isotopic compositions
to the eroding surface soil, §1°N values of 2.44%o (£0.30%o
standard error, s.e.) and 3.84%o (£0.18%o s.e.) and §'3C values
of —26.22%0 (£0.34%0 s.e.) and —25.73%o (40.47%0 s.e.)
for the burned eroding hillslope and depositional landform
positions, respectively (Table2 and Figure 8). This similarity
is further evidence for the connection between surface soil
and OM from the eroding positions and the soil within the
depositional landform position. This long-term erosion may
have led to the burial of earlier deposited material, which had
much higher SOC concentration 1-year post-fire, such that
what was sampled as top soil in the depositional landform
position 10-years post-fire was mineral material that was
more recently transported from the upslope eroding landform
position.

It is likely that at least a fraction of the SOC fractions in the
depositional landform position post-fire were lost via increased
rates of decomposition (Berhe, 2012; Doetterl et al., 2012). The
input of SOC and nutrients into the depositional landform
position from the original mass flow event, along with the
accumulation of water from precipitation and the nearby creek,
could create ideal conditions for decomposition at this location
compared with the eroding plots (Cheng et al., 2006; Johnson
etal., 2007). The depositional landform position presents a range
of conditions that can favor rapid loss of PyC that remains on the
surface.

Downwards Mobilization of SOC and SOM

Leaching can also mobilize SOC downward in a soil profile, as
evidenced by the small, but not significant, increase in HOC
and PyC fractions at depth in the eroding landform positions
at the final time point (Figure 6), along with a decrease in
813C and $N values throughout the burned eroding plots
in the final sampling point (Figure8). The HOC fraction
may have also been more susceptible to leaching based on
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0.50

0.25

ROC (fraction of total C)
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Deposition Eroding B Eroding C
2002

Deposition Eroding B Eroding C
2003

FIGURE 7 | Resistant organic carbon (ROC or PyC) as a fraction of total soil carbon in surface soils from burn and control plots. Eroding B refers to the burned eroding
plots, and Eroding C refers to the control (unburned) eroding plots. Means are presented here for each sampling year with error bars representing standard error.
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FIGURE 8 | Stable carbon (A) and nitrogen (B) isotopes for the eroding landform position 10 years post-fire. Error bars represent standard error.

its smaller size compared with POC. This HOC fraction may
also serve as a more stable, deep soil C sink, as previous
research has indicated that this smaller material is typically
older than more particulate SOC constituents (Kleber et al.,
2011).

The soils in the eroding positions of the Gondola fire site
are coarse textured and porous, creating optimum conditions for
vertical mobilization of bulk C, N, and PyC in dissolved and/or
particulate form. The small shift in isotopic compositions of SOM
suggests a shift in organic material and nutrients quality during
post-fire recovery. The OM that is left behind may be more
complex biomolecules, such as lignin that are more difficult to
breakdown, or possibly more susceptible to leaching. Santos et al.
(2016) previously showed that thermal alterations of topsoil can
include leaching of dissolved PyC from soil, in particular after
low and medium severity fire temperature regimes. It is possible
though, in particular in soils with high clay content, the leaching
process can be relatively slow. Major et al. (2010) found that in a
year only 1% of their applied PyC was mobilized downward in the
profile, and this change was not apparent in this study at the 1-
year post-fire sampling point. The leaching of PyC also depends
on the particle size (dissolved vs. particulate form) and vegetation
type. Slow leaching of PyC downward may be altered by the
quality of PyC material left after the initial mass movement event
and the post-fire vegetation recovery (Major et al., 2010; Kindler
et al,, 2011; Giierena et al,, 2015). Leaching may be occurring
in the depositional landform position, but we did not sample
at depth into this landform position, as no pre-fire comparison
samples exist for the deep soils in the depositional landform
position.

Implications of Post-fire Erosion for
Long-Term Persistence of SOC and PyC

Lateral redistribution of topsoil by soil erosion after wildfires has
important implications for the dynamics of both bulk SOC and
specific fractions. In the Gondola fire site, large amounts of C
in all the SOC fractions were mobilized by a large erosion event
immediately post-fire. However, we also found that significant
amount of C from all the SOC fractions was lost from the surface
depositional zone in the long term. It is clear from this 10 year,
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FIGURE 9 | Examples of MIR spectra of soil from a control (A) and burned
(B) plot from the eroding position in the 10-year post-fire sampling time point.
Shifts in peak intensities occurred at wavenumbers 1,270 cm™! (carboxylic
and phenolic groups), 1,650 cm—1 (aromatic compounds), 2,924 cm™1
(asymmetric C-H stretching), 2,850 cm~1 (symmetric C-H stretching), and
3,625 cm~! (O-H bonding).

three sampling period study that C in all the SOC fractions
in the eroding plots was considerably altered in the 10-years
post-fire.
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TABLE 5 | NMR functional group assignments of the depositional samples from before (2002) and after (2003) the Gondola Fire.

Sample Alkyl (0-45 N-Alkyl/Methoxyl O-Alkyl Di-O-Alkyl Aryl (110-145 O-Aryl Amide/Carboxyl Ketone
number ppm) (45-60 ppm) (60-95 ppm) (95-110 ppm) ppm) (145-165 ppm) (165-190 ppm) (190-215 ppm)

PRE-FIRE DEPOSITION

70t 12.9 5.7 17.4 6.0 315 11.2 12.0 32
74 14.0 7.2 26.8 7.4 18.9 8.7 13.2 37
90" 16.5 6.3 221 6.3 26.1 8.9 1.7 22
114 17.0 5.4 14.0 5.1 37.9 9.9 7.8 2.7
118 15.9 6.5 22.2 6.2 225 9.6 13.8 33
67" 16.2 7.4 25.2 7.3 20.2 8.7 11.9 3.0
77 14.8 6.6 24.9 6.7 20.6 8.5 14.5 3.4
85+t 18.9 75 25.6 6.9 18.7 7.0 12.9 25
99* 13.5 6.3 16.1 53 328 12.1 10.6 33
109* 14.1 6.4 21.0 7.7 235 11.6 11.6 4.1
Mean 15.4 (0.5) 6.5(0.2) 21.5(1.3) 6.5(0.2) 25.3(2.1) 9.6 (0.5) 12.0 (0.5) 3.1(0.1)
POST-FIRE DEPOSITION

ot 15.6 5.8 205 6.1 29.9 10.6 8.4 3.1
26 18.3 7.1 25.6 6.4 17.2 7.2 15.2 3.0
28 18.7 6.5 18.1 5.6 29.4 9.3 9.3 3.1
32 15.7 6.6 20.8 6.5 25.4 9.8 1.9 3.4
40 15.5 6.4 20.5 5.7 26.7 9.3 12.9 3.0
48+t 13.3 5.7 14.8 55 34.8 12.5 10.2 33
52 15.8 6.9 25.6 7.2 17.5 8.2 14.8 338
64* 14.0 46 13.5 5.7 37.1 13.1 8.7 33
Mean 15.9 (0.6) 6.2(0.2) 19.9 (1.5) 6.1(0.2) 27.2(2.5) 10.0 (0.7) 11.4(0.9) 3.3(0.1)

Samples analyzed with NMR were chosen using the Kennard-Stone algorithm to accurately include the variance within the dataset. Standard errors of mean functional group distributions

are presented in parentheses. *indicates samples that were treated with HF prior to NMR analysis due to extremely poor signal acquisition. Tindicates samples that have spectra plotted
in Figure 10.

300 200 100 0 -100 300 200 100 0 -100
ppm ppm

FIGURE 10 | Representative 13C CPMAS NMR spectra of soil from pre-fire (A) and 10-year post-fire (B) samples from the depositional landform position that were
not treated with HF, and pre-burn (C) and post-burn (D) samples that were treated with HF.
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This change in C in the different SOC fractions in the
depositional landform position suggests some elevated biological
processing of SOM in the long-term post-fire. The increase in the
PyC fraction that we observed could be due to either erosion of
PyC from upslope or from deposition of PyC in the form of ash
or soot from nearby wildfires, such as the Rim Fire (Peterson
et al.,, 2015). Vertical mobilization of C in the different SOC
fractions can lead to enhanced protection of both bulk C and
PyC due to the decline in availability of oxygen and/or lower
microbe biomass or active in deeper soil layers (Marin-Spiotta
etal., 2014).

In contrast to the eroding landform positions, the depositional
landform position lost significant proportions of C from all the
SOC fractions over the 10 years likely due to combination of
factors that includes ongoing transport and burial of top soil
material from the eroding hillslope, leaching of C down the soil
profile, and decomposition in situ. The long-term stability of
SOC in depositional landform positions critically depends on
the local decomposition conditions (Berhe, 2012) and erosion
potential, as burial of SOC in depositional landform has also
been demonstrated to be a stabilization mechanism for SOC and
PyC (Berhe et al., 2007; Berhe and Kleber, 2013; Chaopricha and
Marin-Spiotta, 2014).

While this study follows a single wildfire and its impacts
on soil erosion, it highlights the roles that lateral and vertical
redistribution of C post-fire can have implications for soil
carbon dynamics. However, gaps remain in our understanding
of the mechanisms through which erosional redistribution of
PyC across fire-impacted landscapes can affect its stock and
persistence in soil. So far, the relative rates of lateral and vertical
transport of PyC, with erosion, leaching, and bioturbation,
across differing landscapes remains largely unknown (Giierena
et al, 2015; Rumpel et al., 2015). The erosion of PyC is
also significant, because this loss from eroding hillslopes
post-fire, as illustrated after the Gondola fire, can lead to
differences in its apparent environmental persistence based
upon topographic features of a landscape. If eroded PyC
is buried, it may act as an even more persistent C sink.
However, if eroded PyC is deposited into a landform position
that has more favorable conditions for microbial breakdown,
such as higher water content or higher nutrient availability,
then the environmental persistence of PyC may be shorter.
Considering that 1-5 Gt C is annually eroded (Stallard, 1998),
and PyC makes up around 3% of total soil C (Bird et al,
2015), erosion is responsible for the lateral transport of 3-
5 Mt PyC annually. Hence, PyC transport is an important
variable for accurately determining its mean residence time in
the terrestrial ecosystem and its implications for soil carbon
dynamics overall.

CONCLUSIONS

Our results show that erosion plays major roles in controlling
stock, fluxes, and potentially stability and stabilization

mechanisms of bulk C and PyC post-fire. After the Gondola fire,
erosion changed the carbon sequestration trajectory of the system
as over 1.5 Mg PyC/ha and 0.7 Mg C/ha of C in all SOC fractions
was distributed away from the surface of the eroding landform
positions, and deposited in the downhill riparian area. Ten
years after the fire, soils at the depositional landform position
had considerably lower concentrations of all SOC fractions,
and retained proportionally lower concentrations of PyC than
the eroding hillslope. We conclude that either the highly
charred and SOC-rich material was buried in the depositional
landform position with subsequent erosion events, or was more
rapidly decomposed than in the eroding hillslope landform
position.

The relatively low §13C and §'°N values in the burned soils
suggests persistence of SOM with isotopically lower values, such
as those from lignin, while other material with higher isotopic
values, i.e., cellulose, was consumed either during combustion or
via post-fire microbial processing. Better understanding of the
long-term fate of C in dynamic landscapes post-fire is critical
for constraining of terrestrial carbon budgets in a changing
world.
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Understanding the main factors driving fire regimes in grasslands and savannas is critical
to better manage their biodiversity and functions. Moreover, improving our knowledge
on pyrogenic carbon (PyC) dynamics, including formation, transport and deposition, is
fundamental to better understand a significant slow-cycling component of the global
carbon cycle, particularly as these ecosystems account for a substantial proportion
of the area globally burnt. However, a thorough assessment of past fire regimes
in grass-dominated ecosystems is problematic due to challenges in interpreting the
charcoal record of sediments. It is therefore critical to adopt appropriate sampling and
analytical methods to allow the acquisition of reliable data and information on savanna
fire dynamics. This study uses hydrogen pyrolysis (HyPy) to quantify PyC abundance
and stable isotope composition (3'2C) in recent sediments across 38 micro-catchments
covering a wide range of mixed C3/Cy4 vegetation in north Queensland, Australia. We
exploited the contrasting §'3C values of grasses (i.e., C4; 8'3C > —15%0) and woody
vegetation (i.e., Cg; 8'3C < —24%.) to assess the preferential production and transport
of grass-derived PyC in savanna ecosystems. Analyses were conducted on bulk
and size-fractionated samples to determine the fractions into which PyC preferentially
accumulates. Our data show that the §'3C value of PyC in the sediments is decoupled
from the 8'3C value of total organic carbon, which suggests that a significant component
of PyC may be derived from incomplete grass combustion, even when the proportion of
C4 grass biomass in the catchment was relatively small. Furthermore, we conducted 16
experimental burns that indicate that there is a comminution of PyC produced in-situ
to smaller particles, which facilitates the transport of this material, potentially affecting
its preservation potential. Savanna fires preferentially burn the grass understory rather
than large trees, leading to a bias toward the finer C4-derived PyC in the sedimentary
record. This in turn, provides further evidence for the preferential production and transport
of Cy4-derived PyC in mixed ecosystems where grass and woody vegetation coexist.
Moreover, our isotopic approach provides independent validation of findings derived from
conventional charcoal counting techniques concerning the appropriateness of adopting
a relatively small particle size threshold (i.e., ~50 jum) to reconstruct savanna fire regimes
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Pyrogenic Carbon Dynamics in Savannas

using sedimentary records. This work allows for a more nuanced understanding of
the savanna isotope disequilibrium effect, which has significant implications for global
13C isotopic disequilibria calculations and for the interpretation of §'2C values of PyC
preserved in sedimentary records.

Keywords: carbon isotopes, savanna, biomass burning, black carbon, pyrogenic carbon, charcoal, hydrogen

pyrolysis

INTRODUCTION

Fires are common in many ecosystems, but are particularly
ubiquitous in seasonally dry savannas and grasslands, which
comprise more than 80% of the area globally burnt (Giglio
et al., 2013). However, a decreasing trend in global area being
burnt has been reported over the past 18 years, which appears
to be significant in grass-dominated ecosystems (Andela et al.,
2017). Understanding past fire regimes and the main factors
driving fire dynamics is important to better manage biodiversity
and ecosystem functions (Conedera et al., 2009; Santin and
Doerr, 2016). It is equally relevant to improve our knowledge
of recent pyrogenic carbon (PyC) dynamics, including the
provision of accurate information on PyC formation, transport
and deposition, which is fundamental to better understand a
significant slow-cycling component of the global carbon cycle
(Bird et al., 2015).

Sediment charcoal records of small lakes have been extensively
exploited to reconstruct fire histories across a range of ecosystems
(Patterson et al., 1987; Millspaugh and Whitlock, 1995; Duffin
et al., 2008; Leys et al, 2017). However, a disproportionate
number of studies have focused on forested ecosystems despite
the spatial significance and higher fire frequency of ecosystems
where grasses either dominate (e.g., grasslands) or co-exist
with woody vegetation (e.g., savannas) (Leys et al, 2015).
The assessment of past fire regimes using charcoal peaks in
the sedimentary record is particularly problematic in grass-
dominated ecosystems due to the relatively high frequency of
fire events, which makes very difficult to detect individual fire
episodes (Leys et al., 2017). Other challenges associated with
the interpretation of the charcoal record in sediments range
from the lack of a standardized methodology for preparation,
quantification and identification of samples, to resolution
constraints inherent to the method used (ie., the degree of
temporal, spatial, and event resolution that sedimentary charcoal
can offer) (Patterson et al., 1987; Conedera et al., 2009). It is
therefore critical to adopt appropriate sampling and analytical
methods to allow for the acquisition of reliable data and
information on ecosystem fire dynamics (Conedera et al., 2009).

Research exploiting the sedimentary terrestrial record to
reconstruct past fire regimes has typically investigated a number
of physical characteristics of charcoal such as particle counts,
size distribution, and morphotype analyses (Patterson et al.,
1987; Clark, 1988; Duffin et al., 2008; Crawford and Belcher,
2014; Leys et al., 2015, 2017). For example, the size of source
areas for micro- and macroscopic charcoal have been assessed
through charcoal counts of different size classes in surface
sediment samples collected across 17 savanna water bodies

in Kruger National Park, South Africa (Duffin et al, 2008).
This study showed that fire intensity, proximity, and area are
unequally reflected in the charcoal record of tropical savannas,
and concluded that the relevant source area for charcoal in lakes
was between 0 and 5km for pyrogenic particles >50 wm. Other
research has further confirmed that charcoal count in mixed
fuel source landscapes is a function of local area burned (Leys
et al., 2015), and subsequent work recommends the adoption
of a small particle size thresholds (i.e., 60 um) in ecosystems
having a significant presence of grass biomass due to the relatively
small size and easily comminuted nature of grass-derived PyC
(Leys et al., 2017). The importance of discriminating between
herbaceous and woody derived charcoal in sediment records
is a research priority, since it could significantly improve the
assessment of the temporal variability of fuel types in charcoal-
based reconstructions of past fire regimes (Marlon et al., 2016).

The assessment of particle size distribution may also be
significant in ecological studies investigating PyC dynamics
as micro- and macroscopic charcoal may have different
preservation potentials (Kuhlbusch et al., 1996; Thevenon et al.,
2010; Mastrolonardo et al., 2017). Saiz et al. (2015a) conducted
16 experimental fires across a broad range of savannas in NE
Australia, and showed that <10% of the total PyC produced
by biomass burning in those ecosystems is emitted into the
atmosphere as particles capable of moving far from the site of
production, while a much larger proportion remains (initially)
close to the site of production. PyC remaining on the ground
may subsequently be re-mineralised by biotic and/or abiotic
processes, be re-combusted in subsequent fire events, be exported
in dissolved or particulate form, and/or accumulate in the soil or
in the sedimentary record (Bird et al., 2015).

Previous work recommends the discrete analyses of
contrasting particle sizes to gain deeper insights in charcoal
taphonomy, especially if combined with independent validation
of the pyrogenic origin of the particles (Thevenon et al., 2003;
Conedera et al, 2009). In this context, the carbon isotope
composition of PyC is amenable for use in fire reconstructions,
particularly in savanna environments, as it represents one
of the main tracers capable of providing a fingerprint of the
type of vegetation being burnt (Bird et al., 2015). Indeed, the
contrasting 3'3C values of tropical grasses, which primarily use
the C4 photosynthetic pathway (8'*C > —15%o), and woody
vegetation, all having the C; photosynthetic pathway (8!3C
< —24%o) allow for a discrete differentiation of the precursor
biomass in studies assessing PyC in mixed C3/C4 ecosystems
(Saiz et al., 2015a). There are however, potential complications
limiting the interpretation of the isotopic signal, which includes
isotopic fractionation effects associated with the production of
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PyC during combustion. Saiz et al. (2015a) have demonstrated
that savanna fires produce PyC that is relatively '*C depleted
(up to 7%o) with respect to the precursor biomass. This has
been referred to as the savanna isotope disequilibrium effect
(SIDE), which is a concept that explains the difference in $'*C
between the precursor vegetation and PyC compounds produced
during the combustion of biomass. Other factors precluding a
straightforward interpretation of isotopic results are the physical
fractionation of PyC particles derived from Csz vs. Cy4 sources
as a result of the preferential combustion of grass biomass,
and potentially differing transport efficiencies of PyC (Bird and
Grocke, 1997; Saiz et al., 2015a).

While there has been some recent progress in our current
understanding of PyC produced during tropical savanna fires
(Saiz et al., 2015a), there remains limited information available
on its dispersal pathways. Therefore, in the present study we
use hydrogen pyrolysis (HyPy) and carbon isotopic analyses
to investigate the relationship between ecosystem 3'3C and the
§13C of PyC derived from burning of those ecosystems in recent
sedimentary records across a broad range of tropical savannas
in NE Australia. The HyPy methodology consistently isolates
highly condensed (stable) carbon components (HyPyC or SPAC-
see methods) that are pyrogenic in origin, from complex organic
and sedimentary matrices (Wurster et al., 2012, 2013; Cotrufo
et al., 2016). This material corresponds to the most recalcitrant
component of the PyC spectrum, and can be used for the
purposes of PyC quantification and isotope analyses. Despite
being a relatively novel technique, there is already abundant
literature demonstrating that HyPy satisfactorily isolates PyC
in aromatic clusters (with a ring size > 7) from other organic
carbon (OC) across a wide range of environmental matrices (e.g.,
Meredith et al., 2012; Wurster et al., 2012, 2013; Saiz et al., 2015a;
Cotrufo et al., 2016). Meredith et al. (2012) observed a lower PyC
abundance for grass char using HyPy than with other analytical
methods (i.e., CTO-375 and NaClO), and inferred that the latter
techniques reflected carbon trapped within silica phytoliths in the
grass char, which also suggests that phytolith occluded carbon
was effectively removed by HyPy. Therefore, even if the potential
bias that phytoliths might exert on the 3'3C of HyPyC has not yet
been specifically assessed, we believe that such influence may be
limited.

Our first hypothesis (H1) proposes that the relative
contribution of PyC to total organic carbon (TOC) in sediment
samples is higher in grass-dominated ecosystems than in more
wooded savannas as a result of both the higher incidence of
fires (Furley et al., 2008), and the production of proportionally
more recalcitrant PyC (HyPyC) per unit of total carbon exposed
(TCE; this term includes all carbon from biomass, necromass,
and ground litter). Saiz et al. (2015a) showed that the latter is the
result of the incomplete combustion resultant from fast-moving
fires characteristic of grass-dominated savannas. This does not
mean that the combustion woody vegetation does not produce
large amounts of PyC, quite the contrary. However, the difference
lies in the fact that, while most of TCE in grass-dominated fires
does get combusted, or at least thermally altered, most of the
carbon stored in woodier ecosystems is commonly unaffected by
fire (i.e., tree stems). Moreover, the sustained high temperatures

of these fires may promote a more complete combustion of
the fuels, and thus, the production of proportionally lower
amounts of highly recalcitrant PyC (HyPyC) compared to grass-
dominated savannas. We also hypothesize (H2) that fine material
produced during the combustion of grass-derived biomass will be
preferentially exported from the site of production and this will
be reflected to some degree in its preferential accumulation in
the sedimentary record. In addition to assessing the sedimentary
record across a broad range of mixed C3/C4 ecosystems,
we analyzed surface material collected immediately after
experimental fires and compared results against neighboring
locations left unburnt. The aim of this component of the study
was to provide an estimate of the evolution of TOC and PyC
abundance in different size fractions of material remaining on the
ground following a fire to further test for differential transport
efficiencies between PyC derived from grass and woody biomass
sources.

The objectives of this study were therefore to: (i) assess the
variation of PyC abundance in recently deposited sediments
across a broad range of tropical savannas (Objective 1); (ii)
evaluate the preferential combustion of grass biomass and factors
affecting the isotopic composition of PyC (Objective 2); (iii)
assess the potentially superior transport efficiency of grass-
derived PyC (Objective 3); and (iv) use the isotopic approach
to validate the establishment of a particle size threshold that
is optimal for conducting fire research in tropical savannas
(Objective 4). The latter having been advocated by previous
research employing charcoal counting techniques to study past
fire regimes in savanna environments (e.g., Duffin et al., 2008;
Leys et al., 2017).

MATERIALS AND METHODS

Field Sampling Methodology

Sediment Sampling

This study was conducted along a 500-km transect in Queensland
(Australia) between May and September 2011. Figure 1 shows
the sampling location and the distribution of green perennial
vegetation in northeast Australia, which represents a proxy for
the relative proportion of woody vegetation (e.g., trees and
shrubs) in total vegetation. The contrasting climate across the
sampling locations had a strong influence on both the species
and structural composition of the local ecosystems. As such, there
was a noticeable trend to both higher total biomass and relative
contribution of woody (C3) vegetation to the total biomass as
rainfall increases from SW to NE (Figure 1). The vegetation
transect spanned humid savanna woodlands to comparatively
dry Mitchell grasslands characterized by >95% C, grass biomass
(Saiz et al., 2015a). Tree canopy cover ranged from <5% for a site
established in a heavily dominated grassland ecosystem at the SW
end of the transect (Mitchell grassland) to 50% for a woodland
savanna occurring ~80km away from the coast at the NE end
of the transect (Saiz et al., 2015a). The vegetation present at all
studied sites comprised a grass layer beneath varying densities of
Eucalyptus and Acacia species, which reached up to 25m tall at
the humid end of the transect (Torello-Raventos et al., 2013). The
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FIGURE 1 | Map showing the relative distribution (%) of green perennial
vegetation in northeast Australia. Land cover data is derived from
VegMachine® CSIRO (Karfs et al., 2004). Dots represent the farm dams on
which superficial sediment was sampled, while triangles denote the locations
of the experimental burns.

most abundant grass species were Themeda australis, Imperata
cylindrica and Heteropogon contortus.

Surficial sediment was collected from 38 micro-catchments
(farm dams) encompassing a wide variety of savanna ecosystems
along the transect. Farm dams are purposely-built, small-scale
water reservoirs established for agricultural purposes (e.g., cattle
drinking and small-scale irrigation; Supplementary Figure 1),
and are relatively common across NE Queensland. Sampled
dams extended from relatively humid environments near the
northeast coast (21°S-143°E; MAP = 1,650 mm) to the much
drier inner regions (17°S-145°E; MAP = 435mm) (Figure 1).
Sampled dams were typically smaller than 100 m in diameter,
with catchments generally extending <l1km. A wide climatic
range was chosen to provide the experiment with the broadest
possible range of woody vs. grass biomass proportions in order to
enable the establishment of broad patterns in the abundance and
isotopic composition of PyC from recent sedimentary records.

We used a purposely-made extensible collector to retrieve
surficial sediment (top 5mm) from submerged locations as far
away as possible from the shore. The sediment sample collected at
each dam was a composite of three sampling locations. Sampling

distances typically ranged from 15 to 20m from the shore.
Sampling was restricted to dams showing little or no evidence
of algal or macrophyte presence in order to minimize the
potentially confounding influence of autochthonous vegetation
in our results. However, it is clear that the influence of
autochthonous vegetation on TOC cannot be entirely dismissed
on the basis of their visual absence, thus we established a
relationship between the stable carbon isotope composition of
sediment samples and: (i) the proportion of vegetation remaining
green throughout the year (perennial biomass photosynthetically
active); (ii) the relative reduction in green vegetation between
the wet and the dry seasons at each micro-basin, in order
to identify samples exhibiting significant deviations from the
general trend (Figure 2). These relationships were explored to
provide additional confidence that any potential impact of algal
and/or macrophyte carbon on the §!°C values of TOC was
minimal. As such, strong individual deviations from robust
relationships could then be singled out as potentially having
a strong influence of autochthonous vegetation, and thus be
confidently excluded from further data interpretation.

Sampling of Surface Material in Burned and
Unburned Quadrats

We sampled surface (vacuumed) material at four sites along
the transect to obtain information about ground OC dynamics
as impacted by fire (Figure1). The sampling procedure has
been described in detail in Saiz et al. (2015a), and we only
provide a brief description here. Four small-scale (1 m?) burning
experiments were carried out at each of the four sites selected (n
= 16). The experimental setup was designed to ensure capture
of all particulates remaining on the ground immediately after
the fire (burnt quadrats). Fires took place within a metallic
structure fitted with leaning side panels that were lowered after
the flames self-extinguished to minimize the lateral export of
burnt material. After the unit had cooled, remaining stubble
within the enclosed burn was cut at ground level and the quadrat
was subsequently vacuumed with a DC 23 Motorhead vacuum
cleaner (Dyson Appliances Ltd., NSW, Australia). This operation
was systematically carried out by the same user across all burning
experiments and over the same length of time to allow for inter-
comparison of results. Vacuuming is unable to systematically
retrieve the characteristically highly heterogeneous coarse woody
debris, and it was therefore not included in this sampling. The
vacuumed material was stored in separate labeled containers.
Vacuuming may potentially disrupt the true distribution of
size aggregates, which may be particularly significant in the
case of very brittle, recently burnt grass biomass. However, we
suggest that such experimental bias may be of relatively minor
importance in this context if one considers that such fragile
material gets rapidly comminuted in the environment by wind
and rainfall anyway, and that the smallest fraction (<10 pm)
represents on average less than 4% of the total mass vacuumed
(data not shown).

Additionally, the same vacuum procedure was used on two
adjacent 1 m? biomass quadrats (16 x 2; n = 32) to determine
TOC and PyC present on the soil surface prior to burning (a
surrogate for the evolution of PyC abundance since a previous
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FIGURE 2 | (A) Relationship between the stable carbon isotope composition
of sediment samples and the proportion of vegetation remaining green
throughout the year (perennial biomass photosynthetically active) at each
micro-basin; (B) Relationship between the stable carbon isotope composition
of sediment samples and the relative reduction in green vegetation between
the wet and the dry seasons. Regression coefficients (r2) are 0.60 and 62 for
(A,B) respectively; p < 0.05 in both regressions. Land cover data is derived
from VegMachine® (Karfs et al., 2004), a software tool that summarizes
decades of Landsat satellite imagery processed and compiled by the Remote
Sensing Centre, Queensland Department of Science, Information Technology
and Innovation (Australia).

fire at the site). The purpose was to broadly assess the evolution
of surface C (both TOC and PyC) on locations unaffected
by fire for longer than 2 years. We refer to these plots as
“unburnt” to distinguish them from the burnt quadrats. Before
vacuuming, all the aboveground biomass was harvested and
separately quantified. This sampling procedure was carried out in
duplicate at each burning location, thus resulting in a total of 8 x
1 m? vegetation quadrats sampled per studied site. This provides
an estimate of initial TOC and PyC abundance before the fire,
which could serve as reference to compare against burnt quadrats
in order to obtain information about the carbon distribution
dynamics of different size fractions (i.e., < 10, 10-125, and
>125 pm). Upon collection, all samples were individually stored
inside labeled plastic containers.

Laboratory Methods

Sample Preparation

On arrival at the laboratory, samples were dried at 60°C for
5 days before being weighed and sieved to 2mm. Samples
were subsequently size fractionated by wet sieving at 125 and
10 um to conform with the definition of microcharcoal (10—
125um) (Haberle, 2005). This procedure thereby also enables
the discrete analysis of very fine <10 wm PyC, which is relevant
as it is likely to be a major component of aerosol PyC
(Andreae and Merlet, 2001). Bulk samples and the resultant
fractions were then freeze-dried, weighed and finely milled
prior to further analyses. Visually distinct coarse textured
sediment samples were purposely tagged to help with the
interpretation of their potentially distinct behaviors, as values
of coarse textured samples may be strongly influenced by the
inherently low physicochemical protection they offer against
decomposition.

Hydrogen Pyrolysis

The HyPy technique has been shown to perform satisfactorily
in characterizing PyC abundance in a range of environmental
matrices (Meredith et al., 2012). The method separates PyC in
aromatic clusters having with a ring size >7 from other OC.
This component is usually referred to as HyPyC or as stable
polycyclic aromatic carbon (SPAC), and represents PyC that is
likely to be resistant to environmental degradation. Therefore,
HyPy effectively isolates a component that is distinct in isotopic
composition from the TOC of the sample. In the present work,
and for the sake of simplicity, we use the term PyC to generically
refer to the most recalcitrant component of PyC isolated by HyPy,
and equivalent to both HyPyC and SPAC.

HyPy has been described detailedly in a number of
publications (e.g., Meredith et al., 2012; Wurster et al., 2012,
2013). In short, samples are loaded with a Molybdenum catalyst
(~10% of dry weight) by means of an aqueous/methanol solution
of ammonium dioxydithiomolybdate [(NH4),M00;S;]. Dried,
catalyst-loaded samples are then placed in a reactor to be
pressurized at 150 bar H, under a sweep gas flow of 5L min™},
heated at 300°C min~! to 250°C, then stepped at 8°C min~! to
a final hold T of 550°C for 2 min. There is a need to account
for the mass loss of the loaded catalyst during HyPy. Therefore,
the abundance of carbon in the sample after HyPy is determined
relative to TOC (initial mass of carbon after treatment/the mass
of carbon loaded) and reported as the relative contribution of
PyC/TOC or PyC/Sample (% or mg g~ ! units).

Carbon Abundance and Isotope Composition

The carbon abundance and stable isotopic composition (3!3C)
of samples were determined using a Costech Elemental
Analyzer (EA) fitted with a zero-blank auto-sampler coupled
via a ConFloIV to a ThermoFinnigan DeltaVP'™VS mass
spectrometer using Continuous-Flow Isotope Ratio Mass
Spectrometry (EA-IRMS). Analyses were conducted at James
Cook University’s Cairns Analytical Unit. Stable isotope results
are reported as per mil (%o) deviations from the VPDB reference
standard scale for §!3C values. Precisions (S.D.) on internal
standards for elemental carbon abundance and stable carbon
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isotopic composition were better than +0.08% and =£0.2%o
respectively.

Statistical Methods

Data for any measured variable were tested for normal
distribution by Kolmogorov-Smirnov tests, and where necessary
data were log- transformed. Regression analyses were conducted
for estimating the relationships among the variables of interest.
All reported regressions were significant at P < 0.05 level. Specific
regressions using bulk samples include all sites (n = 38) unless
specifically stated. Analyses of covariance (ANCOVA) were
performed to test for significant differences between regressions
obtained between 3'3C values of bulk sediment samples and
differences in 3'3C between the PyC component and the TOC
pool for different size fractions. The ANCOVA test is shown
in Supplementary Table 1. One-way ANOVA with Tukey HSD
post hoc comparison was performed to test for significant
differences in §!3C values and comparable relative contributions
of PyC to TOC between the different size fractions. All statistical
analyses were carried out with SPSS 17.0 (SPSS Inc. Chicago,
IL, USA).

RESULTS

Variation in $13C Values and Carbon
Contents in Surface Sediments of Farm

Dams

TOC concentrations ranged from 77.2mg C g~! at the NE
(higher precipitation) end of the transect to 2.1mg C g~!
observed in a very coarse-textured sample (Figure3A). §!1°C
values of TOC ranged from —13.3%o0 in grass-dominated
environments in the interior to —28.1%o observed in closed-
canopy woodlands occurring near the coast. There was a
negative correlation between 3'3C of bulk sediments and TOC
abundance (Figure 3A; r? 0.40; p < 0.05). Similarly, there was
a negative correlation between 8!3C values of bulk sediments
and PyC contents (Figure 3B; r> 0.37; p < 0.05). The absolute
concentration of PyC showed a gradual decrease toward the drier
southwestern end of the transect similar to the trend observed
in TOC contents. However, the relative contribution of PyC to
TOC was lower in the wetter more heavily wooded savannas,
and showed a steady increase toward the drier, grass-dominated
ecosystems to the SW (Figure 3C; r2 0.15; p < 0.05).

Samples with low TOC concentrations had a greater relative
contribution of PyC (Figure4). Very coarse-textured samples
(n = 5) showed much greater relative contributions of PyC
relative to their TOC concentration regardless of their 3'3C
values (Figure 3C). This proportion reached a maximum of 39%,
and was relatively uniform in samples with TOC contents greater
than 25mg C g’1 (with values ranging from 2 to 10%; Figure 4;
12 0.74; p < 0.05).

Figure 5 shows the differences in 3'3C values between TOC
and PyC along the transect. The §'>C value of PyC in the
sediments is decoupled from the 8'*C value of TOC, suggesting
that HyPy effectively isolates a component that is distinct in
isotopic composition from TOC. Differences were greater (up to

A 100
80 - °
°
T 60
[=) )
[}
E g ®
8 40 4 O LY
= R ° :».'
°
® o
| ° o
2 b h . 24
o * ® e . o °
" o o £°% .
B T T T T T T T T
28 26 24 -22 20 18 16 14
54
°
4 -
FIU)
g3 ° ¢
o LY
>
a ‘e °
2 1 o ..
o ™. o o
° ° PR
1 o. .. . o ® N
4 o ]
0 7 T T T T T T T ;
c 28 26 24 22 20 18 16 14
50
40 o
& )
3
© 30+
Q o
>
a2 1o e
10 4
@
0 T
30 28 -12
5*C TOC (%o)
FIGURE 3 | Relationships between 313C values of bulk sediment samples
and: (A) TOC content (mg gf1 ), 2 0.40; p < 0.05; (B) PyC content (mg gf1 ),
2 0.37; p < 0.05; and (C) the relative contribution of PyC to TOC (%), r2 0.15;
p < 0.05. Total number of samples is 38. Open symbols correspond to
samples with very coarse texture (n = 5). These were not included in the
regressions.

7%o) in more heavily wooded savanna where the PyC component
generally showed less negative 3'3C values compared to the
TOC in the same sample. These variations were smaller, and
occasionally reversed, both in grass-dominated ecosystems and
in the very coarse textured samples (Figure 5). Small or negative
differences in 3'3C values were associated with greater relative
contributions of PyC to TOC (Figure 6).

The separate analysis of the different size fractions revealed
large differences in 8°C values between the TOC and PyC
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FIGURE 5 | Relationship between $13C values of bulk sediment samples and
differences in $13C between the PyC component and the TOC pool; 2 0.34;
p < 0.05. Open symbols correspond to samples with very coarse texture
(n=25).

pools in samples from more heavily wooded (wetter) savannas,
while variations between size fractions were minimal in grass-
dominated environments (Figure 7). ANCOVA analyses showed
that the regression obtained for the smallest fraction (<10 wm)
was significantly different to those obtained for larger fractions
(Supplementary Table 1). Particle size fractions >10pum had
similar differences in $'*C values and comparable relative
contributions of PyC to TOC (P > 0.05), while the finest fraction
(< 10 um) showed the largest differences in §!*C values between
TOC and PyC, and had the greatest relative contribution of
PyC to TOC of the three size fractions considered (Figure 8).
Differences in 8!3C values and comparable relative contributions
of PyC to TOC were significant (P < 0.05) between the <10 and
>125 m fractions.

0 10 20 30 40 50
PyC / TOC (%)

FIGURE 6 | Relationship between the relative contribution of PyC to TOC (%)
and differences in $13C between the PyC component and the TOC pool;

2 0.19; p < 0.05. Open symbols correspond to samples with very coarse
texture (n = 5).
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FIGURE 7 | Relationship between 313C values of bulk sediment samples and
differences in 8'3C between the PyC component and the TOC pool for
different size fractions; regression coefficients (,2) are 0.41 for the fractions <
10 um (solid line), 0.34 for the fractions between 10 and 125 wm (dashed line),
and 0.29 for the fractions > 125 wm (dotted line); p < 0.05 for all regressions.

Relative Contribution of Size Fractions to

Surface Carbon Pools in Fire Experiments
Table 1 shows the relative contribution to TOC and PyC
from different size fractions in vacuumed material from burnt
and unburnt plots. There was a trend to increasing relative
contributions with increasing particle size, with the largest
fractions (>125um) accounting for more than half of the total
carbon in both the TOC and PyC pools. The smaller fractions
showed a relative reduction in carbon contributions from burnt
to unburnt plots, while the relative changes exhibited by the
largest fraction were positive.
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FIGURE 8 | Relationship between the relative contribution of PyC to TOC (%)
and differences in 313C between the PyC component and the TOC pool for
different size fractions (n = 23). Bars are standard errors of the means.

DISCUSSION

Variation in the Geographical Distribution
of PyC in Surface Sediments (Objective 1)

This study focuses in particular on surficial sediments collected
from farm dams in very small catchments. These locations
were chosen as they collect erodible material that best reflects
fresh organic matter (OM) inputs and PyC produced by recent
fires within each micro-basin. The variation in carbon content
and stable isotopic composition of bulk sediment samples
corresponded well with the gradual shift in vegetation along the
transect (Figure 1). Figure 2 shows a consistent trend between
the stable carbon isotope composition of sediment samples and
two separate variables, each being a proxy for the proportions
of C3 and C4 biomass in each micro-basin. The existence of
these strong relationships provides additional confidence that the
impact of algal and/or macrophyte carbon on the §!*C values of
TOC is minimal. Distinctly lower 3!C values and higher TOC
contents were observed in the more heavily wooded savannas
occurring in the wetter northeastern end of the transect, in
contrast to the higher 3'3C values and generally lower TOC
abundances of grass-dominated environments (Figure 3). This
trend may be attributed to differences in the input rates and
turnover times of grass and woody-derived carbon (Bird et al.,
2000, 2004; Saiz et al., 2015b).

Besides environmental and biotic factors, the specific
characteristics of the soil have also been shown to exert a
strong influence on the potential preservation of OM (Saiz
et al., 2012), and thus, may also represent a key factor affecting
the relationship between 3!*C and TOC in recent sediments.
However, the degree of physical protection and chemical
stabilization of OM that can be provided by the loose, recently
eroded surface sediment, must be necessarily lower than that
existing at deeper locations within the soil profile (Rumpel and
Kogel-Knabner, 2011). We therefore suggest that the influence

exerted by micro-basin soil characteristics on the relationship
between 3'3C and sediment TOC is of limited relevance in the
present work, but cannot be entirely dismissed. In this regard, the
impact of soil characteristics was particularly noticeable in very
coarse-textured samples, which showed consistently low §!*C
values of TOC values regardless of vegetation cover (Figure 3A).

While the relationship between $'*C values and TOC
abundance showed a close parallel to the relationship between
313C values and PyC content (Figures3A,B), the relative
contribution of PyC to TOC showed the opposite trend
(Figure 3C). The contribution of PyC to TOC tended to be
higher in grass-dominated savannas than in those dominated by
woody vegetation, which supports our first hypothesis (H1) and
the conclusion of Saiz et al. (2015a) that proportionally more
recalcitrant PyC (HyPyC or SPAC) is produced per unit of TCE
during combustion of grass-dominated savannas. The latter is
the result of the incomplete combustion resultant from short-
lived fires characteristic of these ecosystems. Moreover, work
conducted along a precipitation gradient in West Africa reported
higher contributions of resistant OC (inferred to be dominantly
PyC) to the total soil organic carbon (SOC) pool in low rainfall
open-canopy savannas, with this attributed to the frequent fire
events characteristic of those ecosystems (Saiz et al., 2012). It is
worth noting that other fire-prone land cover types (e.g., forests)
typically have longer fire return intervals, and also much higher
TCE to fire. However, besides soils, the largest proportion of
carbon stored in forest ecosystems is in tree stems, Though
wildfires may combust whole trees, usually only a fraction of
the TCE gets significantly affected or combust during forest fires
(Santin et al.,, 2015), with leaves, twigs, barks, down wood, and
forest floor being the fuels most commonly affected.

Nonetheless, frequent fires in a given ecosystem may not
necessarily be always associated with high PyC contents
above- or belowground, as this material undergoes a series
of transformations (e.g., mineralization, infiltration, lateral
translocation, etc.; Bird et al., 2015; Reisser et al., 2016), which
will ultimately define the relative contribution of PyC to the
TOC pool at a final location of deposition. In this regard,
the characteristics of the soil also play an important role in
modulating such contributions. Soils with low OC contents have
shown to make relatively larger PyC contributions to total SOC
than soils with higher OC contents (Reisser et al., 2016). Very
coarse-textured materials have characteristically low nutrient
levels, as well as limited water retention capacities (Schimel
et al,, 1994; Silver et al., 2000; Saiz et al., 2012), and the
associated low net primary productivity may have contributed
to the low TOC contents observed in some samples in the
present study (Figures 3A, 4). Furthermore, the relatively high
proportion of PyC in these sediments suggests the low degree
of physicochemical protection that coarse-textured soils offer
against OM decomposition, given that a significant proportion
of the TOC corresponds to highly recalcitrant PyC material
(i.e., HyPyC). Sediment samples containing over 20mg g~ !
TOC showed relatively uniform PyC contributions to TOC
(~7%; Figure 4), broadly consistent with the global observations
compiled by Reisser et al. (2016) for soil samples collected from
the 0-30 cm depth interval.
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TABLE 1 | Relative contribution (%) of different size fractions to both TOC and PyC in vacuumed material from recently burnt (n = 16) and unburnt (n = 32) vegetation

quadrats.
Size fraction (um) TOC PyC
Burnt Unburnt Relative change (%) Burnt Unburnt Relative change (%)
<10 43 +57 1.4 +£05 —67 6.4 +£89 25+20 —60
10-125 28.0 £ 10.5 15.8 £ 8.1 —44 41.8 £ 14.9 23.8 +11.7 —43
>125 67.7 +10.9 82.8 + 8.1 22 51.8+14.4 73.6 £ 13.1 42

Values are averages and standard deviations. The relative changes in carbon contributions between treatments are also shown for each size fraction to obtain information about their
distribution dynamics. TOC and PyC were determined from the mass of the material collected for each of the fractions, and their carbon content measured before and after the HyPy

treatment. Unburnt quadrats had not experienced fire for at least two years.

Belowground OM inputs are directly subject to
physicochemical protection offered by the soil matrix, but
charcoal or PyC is overwhelmingly produced aboveground, and
thus, is more prone to mineralization and/or transport from the
site of production (Zimmermann et al., 2012; Bird et al,, 2015).
Rumpel et al. (2006) worked along the slopes of slash and burn
agricultural land and noted that PyC from topsoil horizons was
not primarily bound to mineral phases, which made it susceptible
to translocation downslope. In the present study we made use of
the relative changes in carbon contributions observed between
burnt and unburnt treatments in 16 burning experiments to
obtain information about the temporal evolution of TOC and
PyC pools in three size fractions.

Earlier work by Saiz et al. (2015a) on the same experimental
fires report an average PyC production of about 16% of all carbon
being exposed, of which particles >125pm represented more
than 90% of the total mass. This particle size fraction has been
shown to remain initially in the vicinity of the site of production
(Clark, 1988; Saiz et al., 2015a), and was therefore classified as
“proximal” PyC. Once produced, PyC remaining on the soil
surface may subsequently (i) be re-combusted in future fires
(Santin et al., 2013; Saiz et al., 2014) (ii) be re-mineralized by
abiotic/biotic processes (Zimmerman, 2010; Zimmermann et al.,
2012), (iii) accumulate in the SOC pool (Lehmann et al., 2008)
and/or (iv) be re-mobilized by bioturbation, wind or water in
either particulate (Rumpel et al., 2006; Major et al., 2010; Cotrufo
et al,, 2016) or dissolved form Dittmar et al. (2012). Table 1
reveals that proximal PyC contained in small-size fractions on
the soil surface is gradually lost after a fire, thereby increasing
the relative contribution of the largest size fraction to the total
carbon pool over time. Therefore, comparatively finer material,
such as that derived from grass biomass, would get more easily
transported from the site of production, which is in support of the
differential transport efficiencies between grass and woody fuels
we hypothesized in H2 [see also section Preferential Transport
of Grass-Derived PyC (Objective 3)]. Particle comminution
makes it easier for proximal PyC to be exported from the site
of production, and temporarily accumulate in lower locations
within the landscape (e.g., farm dams). Small airborne particles
exported during fire (i.e., distal PyC; Saiz et al., 2015a) may also
contribute to the loading of PyC particles at these locations,
although the reach of distal PyC may also be realized at regional
and even much larger spatial scales (Kuhlbusch et al., 1996;
Bird et al, 2015). Indeed, Duffin et al. (2008) suggested that

in tropical savannas more than half of relatively small charcoal
size (<50 m) is likely to be transported >15km from the
fire line.

Preferential Combustion of Grass Biomass
and Factors Affecting the Isotopic
Composition of PyC (Objective 2)

Differences between the $!°C values of TOC and its PyC
component in surface sediments sampled across a wide range of
tropical savannas indicate that the 8'3C value of PyC is partly
decoupled from that of TOC and therefore of local biomass
(Figure 5). This further supports previous conclusions that HyPy
effectively isolates a distinct component of TOC (Wurster et al.,
2012, 2013). While the carbon isotopic composition of PyC can
provide very useful information of the type of vegetation being
burnt in mixed C3/Cy4 ecosystems (Bird and Grocke, 1997), there
are several factors that need to be considered when interpreting
these data. These include: (i) the physical fractionation of
PyC particles derived from mixed C3/C4 vegetation due to
preferential combustion of grasses in savannas (Furley et al,
2008; Saiz et al., 2015a), (ii) the savanna isotope disequilibrium
effect (SIDE) that is the isotope fractionation accompanying
the production of PyC during biomass combustion (Saiz
et al., 2015a), (iii) the contrasting transport efficiencies, related
to particle size differences, of particulate PyC derived from
woody or grass sources (i.e., C3/Cy vegetation) (Clark, 1988;
Duffin et al, 2008), and (iv) the specific characteristics of
the topsoil where PyC is originally produced (Bird et al,
2000).

Analyses of the surficial sediment samples in this study
indicate that the 3'3C value of PyC is up to 7%o higher than
that of TOC, with these differences being largest when the §!*C
values of TOC were low (i.e., characteristic of more wooded
ecosystems; Figure 5). This suggests that a significant component
of C4-derived PyC is present at most locations, even when the
proportion of C4 biomass in the catchment is relatively small
(Figure 1). Recent work employing carbon isotopic analyses in
pools and fluxes of experimental fires conducted across mixed
C3/C4 ecosystems shows that, compared to woody material,
grass biomass is preferentially combusted (Saiz et al., 2015a),
which would largely explain the presence of C4-derived PyC in
woodland ecosystems. However, this mechanism cannot explain
the observation that 3'3C differences between TOC and PyC
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were smaller and even reversed in grass-dominated ecosystems
(Figure 5).

The trends discussed above show the combined influence
of some of the factors mentioned earlier. Firstly, the SIDE
is more marked in grass-dominated ecosystems. Saiz et al.
(2015a) showed that while the 3'3C values of total PyC and
HyPyC were generally lower by 1-3%o0 compared to the original
biomass across mixed C3/C4 savanna ecosystems, Mitchell
grasslands—an ecosystem almost exclusively composed of Cy4
vegetation—showed strong '3C depletion (up to 7%o) in recently
produced total PyC and HyPyC, resulting in comparatively
larger SIDE values with the differences particularly pronounced
in the fine size fractions. Secondly, the preferential export
of fine particle size fractions during fire in grass-dominated
ecosystems is likely to be dominated by low 8'3C components
(e.g., methoxyl-groups, lignins, phytoliths, etc.) preserved in
PyC (O’Malley et al., 1997; Krull et al., 2003; Keppler et al.,
2004; Das et al., 2010). Therefore, the comparatively smaller
§13C differences observed between TOC and PyC in grass-
dominated ecosystems may also be influenced by the superior
transport efficiency of small particulate PyC derived from grass
vegetation (Clark, 1988; H2). This latter aspect will be dealt
with in more detail in the following section. Thirdly, the
characteristics of the topsoil upon which PyC is produced
may potentially affect carbon isotopic dynamics by means
of differential physicochemical protection (Krull et al., 2003;
Sollins et al., 2009; Zimmermann et al., 2012). In this regard,
analyses of sediment samples show that 3'3C values of PyC
were consistently higher than those of TOC across a broad
range of savanna sites occurring on coarse-textured soils
(Figure 5).

The specific chemical, mineralogical, and textural properties
of the topsoil may play a critical role on the preservation of
OC (e.g., through the formation of aggregates, association with
clay particles, etc.), and on its potential export (e.g., infiltration,
erosion, etc.) (Brodowski et al., 2006; Knicker, 2011; Saiz et al.,
2012; Singh et al, 2012). Hence, a limited physicochemical
protection of OC would promote the preferential mineralization
of labile compounds relative to more recalcitrant ones (e.g.,
PyC). In the present study the low degree of physicochemical
protection offered to TOC in coarse-textured soils is revealed
by the greater relative contributions of PyC to TOC observed
in those samples, which are also associated with larger
positive differences in $!°C values between TOC and PyC
(Figure 6).

Other potential fractionation processes occurring within
the soil profile such as the microbial reprocessing of SOM
or the differential stabilization of naturally heterogeneous
SOM compounds (Bird et al, 1996; Ehleringer et al., 2000;
Blagodatskaya et al., 2011; Rumpel and Kogel-Knabner, 2011)
are of more limited significance in our work since we focus
on very surficial sediments. Finally, differential mineralization
patterns in PyC derived from different biomass sources (e.g.,
Saiz et al, 2015b) are not considered significant in this
context given the very short timeframe since the PyC was
produced.

Preferential Transport of Grass-Derived
PyC (Objective 3)

Savanna fires preferentially burn the grass understory and surface
litter rather than over-story trees (Furley et al., 2008), which may
lead to a bias toward generally smaller C4-derived PyC. Several
studies have demonstrated that charcoal in contrasting size
fractions exhibit fundamentally different aerodynamic behaviors
(Clark, 1988; Duffin et al., 2008). This behavior exerts a strong
influence on their transport efficiencies whereby larger particles
remain closer to their site of production than smaller particles.
However, the preferential export of PyC is not only constrained
to airborne particles produced during the fire. Indeed, PyC
remaining close to the site of burning (proximal PyC) will
undergo continuous transformations after production. Table 1
demonstrates that both the abundance of TOC and PyC in small-
size surface material decrease over time after fire, which increases
the relative contribution of larger particles to the total carbon
pools at the site of burning. Because the stable components of
PyC accrue both in situ and distally, the SIDE caused by fire
produces soil or sedimentary records in savanna environments
that are relatively '3C-depleted with respect to the original
biomass (Wynn and Bird, 2008; Saiz et al., 2015a). This has
significant implications for the interpretation of §'*C values
of PyC preserved in the geological record, and for global !3C
isotopic disequilibria calculations needed in modeling studies
that use variations in the CO, '*C record to apportion sources
and sinks of CO; (Randerson et al., 2005; Saiz et al., 2015a).

The finest—most comminuted—size fraction (<10 pm)
consistently showed the largest differences in 3!3C values
between TOC and PyC along the transect (Figure 7), indicating
that C4-derived PyC is more disproportionately represented
in the finest size fraction. Moreover, the observed differences
in 313C values between size fractions decrease from the more
wooded savannas to more grass-dominated savannas, with the
resultant regressions being significantly different in the case of
the smallest fraction (Figure 7, Supplementary Table 1). This
can be explained by preferential transport of PyC generated
from heterogeneous fuel sources. In savanna ecosystems, finer
grass-derived PyC particles are preferentially exported from the
site of initial production and accumulate in the sedimentary
record, while the commonly larger PyC particles derived from
the combustion of woody biomass (C3) are more likely to remain
closer to the site of burning (Saiz et al., 2015a). This differential
particle transport efficiency will be more clearly reflected in the
sedimentary record of more wooded savannas than in more
grass-dominated savannas where the isotopic composition of the
fuel source is much less heterogeneous. These results support
our second hypothesis (H2) that proposed that fine material
produced during the combustion of grass-derived biomass may
be preferentially exported from the site of production, with this
being reflected in the preferential accumulation of Cy4 grass-
derived PyC in the sedimentary record, even in cases where the
proportion of Cy4 grass biomass in the catchment was small.

While one of the main aims of this work is to infer a general
pattern of PyC transportation across a broad gradient of tropical
savannas, there are additional factors operating at a more local
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scale that may play a significant role in the spatial dynamics
of PyC particle deposition and accumulation. In this regard,
both the climatic and physical characteristics of the landscape
may exert a strong influence in the erosional patterns of PyC
(Rumpel et al., 2006, 2015; Cotrufo et al., 2016). Furthermore,
the specific characteristics of the soil where PyC is produced may
also have a strong impact on its transport and mineralization
dynamics (e.g., contrasting PyC preservation in swelling and
cracking Vertisols vs. loose sandy soils; Supplementary Table 2),
which could ultimately affect both the abundance and carbon
isotopic composition of PyC in the sedimentary record.

Charcoal Particle Size Thresholds for Fire
Research in Tropical Savannas

(Objective 4)

The particle size ranges adopted in this study were chosen
to conform to standard dimensions adopted to classify micro-
and macro-charcoal in palynological studies and in work
assessing PyC production in tropical savannas (e.g., Blackford,
2000; Haberle, 2005; Saiz et al., 2015a). The significantly
different behavior shown by the smallest particle size fraction
(<10pwm) in regards to: (i) the relative changes in carbon
contributions between burnt and unburnt plots (Table 1),
(ii) the differences in 3!3C values between TOC and PyC
across the vegetation transect (Figure 7), and (iii) the relative
contribution of PyC to TOC (Figure8), demonstrate that
PyC of this size exhibits a substantially different behavior
compared to PyC in the coarser fractions. This supports
findings from previous research concluding that contrasting
particle sizes of charcoal have different aerodynamic behaviors
(Clark, 1988; Duffin et al, 2008), and further support the
hypothesis (H2) that coarser charcoal fragments derived from
combustion of woody sources accumulate close to the site of
production.

Our results agree well with the statement by Duffin et al.
(2008) about the need to use just a few size classes of charcoal
in the sedimentary record of savanna environments to obtain
relevant information on fire proximity and relevant source areas
of pyrogenic material. These authors advocate the use of a 50 um
threshold for savannas as they identified a differential behavior
of charcoal particles up to and beyond that fraction size. Such
a threshold seems plausible in view of our own results, as the
intermediate particle size range considered in the present study
show mixed patterns between the smallest (<10 pum) and largest
(>125 pm) fractions (Figure 8).

CONCLUSIONS

We used HyPy to obtain robust estimates of PyC abundance
and stable isotope composition in surface sediments in small
dams across a broad range of mixed C3/Cy tropical vegetation.
Our study shows that the contribution of highly recalcitrant
PyC to TOC in grass-dominated savannas tends to be higher
than in savannas where woody vegetation was more prominent.
This is partly because fires characteristic of grass-dominated
savannas significantly affect, if not all, most of the TCE. However,

the short-lived nature of these fires may cause an incomplete
combustion of the fuels, which results in the production of
proportionately more recalcitrant PyC (HyPyC) per unit of
TCE than that observed in woodier savannas (Saiz et al,
2015a).

This work also provides evidence for the preferential
combustion of grass biomass and higher transport efficiency of
Cy-derived PyC in mixed ecosystems where grass and woody
vegetation coexist. In savanna ecosystems finer grass-derived
PyC particles are preferentially exported and accumulated in
sediments, while the commonly larger PyC particles derived
from the combustion of woody biomass (C3) are more likely to
remain closer to the site of burning. We demonstrate that after
a fire there is a comminution of PyC produced in-situ to smaller
particles, which then facilitates transport away from the site of
production and may also affect the preservation potential of this
material. Our isotopic approach provides independent validation
of findings by Duffin et al. (2008) concerning the appropriateness
of adopting a relatively small particle size threshold (i.e.,
~50 um) to reconstruct fire regimes using sedimentary records
by conventional charcoal counting techniques.

While the isotopic composition of PyC contained in sediment
records can greatly assist in reconstructing past fire regimes,
this study suggests that there are several factors that need to
be considered when interpreting these data. These include the
physical fractionation and contrasting transport efficiencies of
PyC particles derived from mixed C3/Cy4 sources, the savanna
isotope disequilibrium effect accompanying the production of
PyC during biomass combustion, and the specific characteristics
of the topsoil where PyC is originally produced. Our work
also allows for a more nuanced understanding of the savanna
isotope disequilibrium effect, which has significant implications
for global '3C isotopic disequilibria calculations and for the
interpretation of 8'3C values of PyC preserved in sedimentary
records (Saiz et al., 2015a). While we have conducted this study
in tropical savannas, we believe it is highly likely that the
findings of this study can directly apply to savannas in temperate
environments.

We suggest that the combined use of an isotopic approach
and classical research methods exploiting the sedimentary record,
including charcoal counting and the interpretations of charcoal
morphotypes, appears to be particularly suitable for use in mixed
fuel source fire regimes (Leys et al., 2015, 2017). This combined
approach will allow for more accurate reconstructions of past fire
regimes and promote a better understanding of PyC dynamics
in tropical savannas. This research further demonstrates that the
HyPy technique enables an accurate quantification of an essential
component of terrestrial carbon, and that it is a very useful tool
for promoting a better understanding of the dynamic role of
biomass burning in the global carbon cycle.
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Sasha Wagner?, Yan Ding and Rudolf Jaffé*
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Black carbon (BC), pyrogenic organic matter generated from the incomplete combustion
of biomass, is ubiquitous in the environment. The molecular structures which comprise
the BC pool of compounds are defined by their condensed aromatic core structures
polysubstituted with O-containing functionalities (e.g., carboxyl groups). Despite the
apparent hydrophobicity of BC molecules, a considerable portion of BC is translocated
from terrestrial to aquatic systems in the form of dissolved BC (DBC). However, the
specific biogeochemical mechanisms which control the transfer of BC from the land to
the water remain elusive. In the current study, the apparent solubility of DBC was inferred
from octanol-water partition coefficients (Kow) modeled for proposed DBC structures
with varying degrees of polycondensation and polar functionality. Modeled Kqy values
indicated that DBC molecules with small aromatic ring systems and high degrees
of hydrophilic functionality may be truly solubilized in the aqueous phase. However,
large and highly condensed DBC structures yielded high Koy values, which suggested
that a considerable portion of the DBC pool which has been quantified in aquatic
environments is not truly dissolved. We hypothesized that other DOM components
may act as mediators in the solubilization of condensed aromatic molecules and serve
to increase the solubility of DBC via hydrophobic, intermolecular associations. This
hypothesis was tested through controlled leaching experiments to determine whether
the mobilization of DBC from particulate soils and chars became enhanced in the
presence of DOM. However, we observed that characteristics inherent to each sample
type had a greater influence than added DOM on the apparent solubility of DBC.
In addition, the direct comparison of molecular marker (benzenepolycarboxylic acids)
and ultrahigh resolution mass spectral data (FT-ICR/MS) on leachates obtained from
the same set of soils and char did not show a clear overlap in DBC quantification or
characterization between the two analytical methods. Correlations between FT-ICR/MS
results and BPCA were not significant possibly due to differences in the methodological
windows and/or small sample size. Our results were unable to provide evidence in
support of proposed hydrophobic interactions between DOM and DBC, suggesting that
other physical/chemical mechanisms play important roles in the dissolution of BC.

Keywords: Dissolved Black Carbon, octanol-water partition coefficient, Koy, soil,
benzenepolycarboxylic acid method, apparent solubility, condensed aromatics

charcoal,
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INTRODUCTION

Black carbon (BC) is generated from the incomplete combustion
of biomass and fossil fuel (Goldberg, 1985). The chemical
composition of BC is heterogeneous (Masiello, 2004), ranging
from mildly thermally altered biomolecules (Myers-Pigg et al.,
2015) to condensed aromatic structures produced during high
temperature combustion (Schneider et al., 2010). It is estimated
that global production of BC from biomass burning is up to
383 Tg per year and most of the BC produced through fire is
deposited on the landscape (Santin et al., 2015). The stability
of BC which is incorporated into soils is highly variable, with
residence times ranging from days to millennia (Bird et al., 2015).
The ubiquity of fire and the refractory nature of condensed
aromatics have resulted in the accumulation of BC in soils, where
it comprises ~14% of global soil C stores (Reisser et al., 2016).
Despite the observed refractory nature of soil BC (Kuzyakov
etal., 2014), the apparent solubilization and subsequent transport
via rivers as DBC has been identified as a major loss process of BC
from terrestrial environments (Dittmar et al., 2012; Jaffé et al,,
2013; Stubbins et al., 2015). As such, it was estimated that DBC
accounts for ~10% of the total DOC flux exported annually by
global rivers to the oceans (Jaffé et al., 2013). It seems clear that
fluvial transfer of DBC to the ocean represents a key component
of global C cycles (Santin et al., 2015). However, very little is
known regarding the geochemical mechanisms which control the
release of soil BC to inland waters as DBC.

Although, recent wildfire activity does not seem to have a
significant effect on in-stream DBC (Ding et al.,, 2013; Giierefia
et al.,, 2015; Wagner et al., 2015a), this material is continually
exported from fire-impacted watersheds for decades after a
burn event (Dittmar et al., 2012). This suggests that the aging
of BC in soils may be a prerequisite to its dissolution and
export to aquatic systems as DBC. Soil BC structures undergo
surface oxidation with increasing soil residence time (Cheng
et al., 2006; Zimmerman, 2010), and it is thought that this
type of oxidation enhances the mobilization of DBC from aged
charcoal (Abiven et al., 2011). Although, the oxidation of BC
has been shown to result in the formation of O-containing
functional groups on condensed aromatic structures (Cheng
et al., 2006; Zimmerman, 2010), it is unknown whether such
diagenetic processing increases the polarity of BC molecules
above a threshold where DBC molecules are truly solubilized in
water.

This study refers to specifically BC and DBC as the
polycondensed aromatics isolated from soils, chars, and natural
waters and then oxidized to yield benzenepolycarboxylic acid
(BPCA) products (Dittmar, 2008). The BPCA method, which
chemically converts condensed aromatics to individual benzene
rings substituted with three, four, five, and six carboxylic acid
groups (B3CA, B4CA, B5CA, and B6CA, respectively), has been
identified as a robust approach for measuring and characterizing
BC in environmental matrices (Roth et al., 2012). To generate
B6CA, the parent DBC structure must contain 5 or more non-
linear fused aromatic rings (Ziolkowski et al., 2011), which
equates to a structure containing a minimum of 20 carbon atoms.
Since DBC collected from surface waters yields considerable

amounts of B6CA (e.g., Ding et al, 2013; Wagner et al,
2015a), it can be inferred that larger DBC structures (>5 fused
aromatic rings) are readily mobilized to the dissolved phase
in natural systems. However, the stabilization of such large
DBC molecules in the water column is not well understood as
the hydrophobic, condensed aromatic core structures of these
pyrogenic compounds would suggest they are largely insoluble
in water.

The aqueous solubility of molecular structures can be
inferred from the octanol-water partition coefficient (Koy),
which is experimentally defined as the ratio of a compound’s
concentration in octanol to its concentration in pure water
(Schwarzenbach et al, 2003 and references therein). For
compounds that cannot be isolated or do not have commercially-
available standards, such as the molecules which comprise the
DBC pool, Koy is estimated using computational calculations
based upon the atom/fragment contribution method which
breaks down the proposed chemical structure into its fragment
components and functional groups (Meylan and Howard, 1995).
The Koy is also a proxy for the DOC-water partition coefficient
(Karickhoff, 1981; Seth et al., 1999; Schwarzenbach et al.,
2003), where compounds with high K, values have greater
affinities for organic matter (OM), including DOC in aqueous
solution. The apparent solubilities of polyaromatic hydrocarbons
(PAHs), which feature a condensed aromatic structure similar
to DBC, are enhanced by DOM (Perminova et al, 1999;
Durjava et al, 2007). Therefore, DOM may assist in the
solubilization and stabilization of DBC molecules in the water
column.

Since DOM is operationally-defined as organic matter which
passes through a filter (pore size = 0.7 pm in the current
study), the term “DBC” should include all physical forms of
BC associated with the operationally-defined DOM pool (e.g.,
truly dissolved molecules, colloids, micelles, nanoparticles, etc.).
Humic substances are proposed to exist as supramolecular
assemblies of relatively small, heterogeneous molecules, which
likely includes DBC, stabilized by weak hydrophobic interactions
such as van der Waals forces, H-bonding, cation bridging, etc.
(Piccolo, 2001; Simpson et al., 2002). In addition, DBC has been
reported to preferentially associate with high molecular weight,
humic-type DOM (Wagner and Jaffé, 2015), further supporting
a potential DBC-DOM hydrophobic partitioning mechanism.
The aromatic content of natural organic matter seems to play
a key role in the binding of condensed aromatic compounds
(Perminova et al., 1999), which suggests that conjugated aromatic
n-systems may strengthen DBC-DOM relationships via specific
electron donor-acceptor interactions (Keiluweit and Kleber,
2009). As such, we hypothesized that the apparent solubility of
DBC (i.e., the amount of solubilized DBC, as defined by BC which
passes through a 0.7 pm filter) may be facilitated or enhanced via
macromolecular associations with components of natural DOM.
In the current study, we have taken a three-pronged approach by
combining computer modeling techniques, controlled leaching
experiments, and ultrahigh resolution FT-ICR/MS analysis to
test the effects of added DOM on the dissolution of DBC from
soils and chars and to investigate the discrepancy between DBC
molecular structure and its apparent solubility.
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MATERIALS AND METHODS

Selection of Dissolved Black Carbon

Molecular Formulae

The DBC molecules selected to be modeled in this study
were chosen from existing literature reports. DOM from
charcoal leachates had been previously characterized using
Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR/MS; Hockaday et al., 2007), an ultrahigh resolution
analytical technique which allows for the assignment of
individual molecular formulae to mass spectral peaks
(Kujawinski, 2002; Sleighter and Hatcher, 2007; Dittmar
and Paeng, 2009). Details regarding instrumental conditions
and assignment of molecular formulas have been previously
described by Hockaday et al. (2006, 2007). From the list
of assigned molecular formulae identified for the charcoal
leachate samples (Table 1; Hockaday et al., 2006), limitations for
normalized double bond equivalents (DBE/C > 0.7; Hockaday
et al., 2006) and the aromaticity index (AI > 0.67; Koch and
Dittmar, 2006) were applied to specifically select molecular
formulae with condensed aromatic ring structures. DBC
molecular formulae which fit the following criteria were chosen
for further consideration: (a) DBE/C > 0.7, (b) AI > 0.67, and
(c) carbon number > 20 (strongly indicative of pyrogenic origin;
Wagner et al., 2015b). Using this approach, a total of 32 formula
combinations in the form of CH,,Ox1~x2 (where m, n, and x
designate numbers of C, H, and O atoms, respectively) were
selected to represent a range of DBC compounds (Table S1).
From the list of 32 formulas, 12 molecular formulae, which
covered the entire mass range, were chosen for the modeling
of Kyw DBC values. The 12 selected DBC molecular formulae
are summarized in Table 1. Since the Ky, of a DBC molecular
structure was expected to be inversely correlated with the
number of O-containing functionalities it contained, formulas
with the smallest number of O atoms (C,H,,Ox;) were chosen to
represent the upper range of K, values and molecular formulas
with the largest number of O atoms (CpH,Oyx2) were chosen

TABLE 1 | Empirical DBC molecular formulae selected for Kow modeling.

Formula #C (m) #H (n) #0O (x1) #O (x2) DBE/C Al (min) Al (max)

CooHi205.5 20 12 5 5 075 067  0.67
CoiHi205.5 21 12 5 6 076 067  0.69
CooHip047 22 12 4 7 077 067  0.72
CogHi405.5 23 14 5 5 074 067  0.67
CoaHi403.5 24 14 3 6 075 067  0.71
CogHigOaws 26 16 4 5 073 067 068
CogHi404eg 26 14 4 8 077 067 073
CogHigOsws 28 18 4 4 071 067  0.67
CogHi404u10 28 14 4 10 079 067 075
CaoHigOs.5 30 18 5 6 073 067 068
CaoH1405-12 30 14 5 12 08 067 076
6

CaoH140p-14 32 14 14 0.81 067 0.77

The formulae were originally identified in soil charcoal DOM by Hockaday et al. (2006).

to represent the lower range of Ky values for DBC formulae
sharing the same number of C and H atoms (Table1 and
Table S1).

Assembling Proposed Dissolved Black

Carbon Molecular Structures

All possible arrangements for polyaromatic core structures
containing 5-8 fused rings were drawn using Chem3D (Version
Pro 12; CambridgeSoft Corporation). A selection of some of the
proposed core structures and calculated H/C ratios are shown in
Table S2. While the number of possible arrangements for small
core structures (e.g., 5-ring systems) was limited, the number
of possible arrangements for large core structures (e.g., 8-ring
systems) was more extensive and it would have been prohibitively
difficult to assess them all. Thus, core structures which exhibited
the highest and lowest H/C ratios (the most linear and most
condensed ring arrangements, respectively) were selected to
model a range of possible K, values for proposed DBC
structures with large aromatic ring systems. Although, condensed
aromatic molecules with unsatisfied valences (radicals) can exist
as part of DBC, radical-containing DBC structures were not
considered for K, modeling.

DBC structures were assembled by first choosing an aromatic
core structure from Table 1, then using the remaining numbers
of C, H, and O atoms for the assignment of O-containing
functional groups (e.g., —OH, —CHO, —COOH). Any remaining
C and H atoms after O-assignments were incorporated into the
structure as aliphatic side chains (e.g., —CHj3, —CH,—). The
effect of O-containing functional groups on increasing the Koy of
a condensed aromatic structure is in the order of —-OH < —CHO
< —COOH (Meylan and Howard, 1995). To estimate the highest
Kow values for C, H,,Ox; formulae, O-functionalities were added
primarily as carboxyl groups. To estimate the lowest K, values
for CnHp Oy, formulae, O-functionalities were added primarily
as hydroxyl groups. This approach allowed for the assessment of
the widest possible range of modeled Ky, values for each DBC
formula pair. Structural planarity enhances the partitioning of
hydrophobic organic compounds to humic substances (Gauthier
et al., 1987; Chin et al., 1997; Uhle et al.,, 1999). Since we
hypothesize DBC molecules to participate in such hydrophobic
interactions with DOM, we sought to maximize the structural
planarity of proposed DBC structures in the current study. To
minimize steric hindrance, which compromises the molecular
planarity of DBC molecules, adjacent positioning of functional
groups was avoided. Proposed DBC structures which exhibited
the lowest molecular energy and the highest planarity were
ultimately selected for Koy modeling. The determination of
proposed molecular structures for an exemplary pair of DBC
formulae is detailed in the Supporting Information (Tables S2,
S3; Figure S3).

Modeling K\, for Proposed Dissolved
Black Carbon Molecular Structures

The atom/fragment contribution method (Meylan and Howard,
1995) was used to estimate the Ko, of proposed DBC molecular
structures. The modeling of K, values for DBC structures
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was performed using the EPI Suite™-Estimation Program
Interface program developed by the Environmental Protection
Agency (EPA; USA; https://www.epa.gov/tsca-screening-tools/
epi-suitetm-estimation-program-interface), which operates
based upon the atom/fragment contribution method. Briefly,
DBC molecular structures were disassembled into “fundamental
fragments” consisting of isolated C atoms, H atoms, O atoms,
and functional groups. The coefficient values of individual
fragments were summed and correction factors were applied to
obtain the K, value for DBC structures.

Collection and Characterization of Soil and
Char Samples

Soil and char samples were obtained from diverse sources and
locations to comprise a suite of naturally-occurring organic
matter samples and reference materials which were expected
to yield a gradient of OC content, BC content, and physical
characteristics. Soils were collected from the natural environment
in areas having a known history of biomass burning. Peat
soil was obtained from the Florida Coastal Everglades (SRS2S;
Florida, USA) in an area which undergoes prescribed burning
and potentially receives additional pyrogenic inputs from burned
sugarcane fields located upstream through canal inputs. Surface
soil was collected from a historic charcoal blast furnace site
(PA2S; Pennsylvania, USA) which known to contain high
amounts of BC (Cheng et al.,, 2008). Surface soil collected from a
forested area which burned during the High Park wildfire in June
0f 2012 (PNAS; Colorado, USA) represented a soil with relatively
fresh pyrogenic inputs. Topsoil was collected from the Hubbard
Brook Experimental Forest (HBRS; New Hampshire, USA) from
an area which experienced a large wildfire during the 1920s and
was therefore used as reference of soil containing aged charcoal.
Char samples representing diverse biomass sources and charring
conditions were also obtained. Charcoal standards generated
from rice straw (RICEC) and chestnut wood (WOODC) were
obtained from the University of Zurich (Switzerland). Formation
conditions and characterization of these two chars are described
in detail by Hammes et al. (2006). Wildfire-derived char was
directly removed from a severely burned pine tree from the area
of the High Park wildfire (PNAC; Colorado, USA). Although,
PNAC was exposed to some degree of natural weathering and
sunlight prior to collection, it had experienced no direct soil
interaction. Pieces of charcoal were collected from the crater left
by an uprooted tree (~8 cm from ground surface) at the site of
the 1920s wildfire in the Hubbard Brook Experimental Forest
(HBRC; New Hampshire, USA). Since this area of the Hubbard
Brook forest has experienced no direct wildfires since the 1920s,
HBRC represented an aged char sample. Field-collected soils
and chars were stored frozen at —20°C and charcoal standards
were stored in the dark at room temperature until further
processing. Frozen samples were subsequently thawed and air
dried. Coarse particulates were removed by hand and samples
were ground using a mortar and pestle and passed through a
sieve (30 mesh; 600 pwm pore size). Homogenized samples were
then dried overnight at 60°C and stored in a desiccator until
further use. The OC content of soils and chars was measured via

elemental analysis-isotope ratio mass spectrometry using a NA
1,500 Elemental analyzer and a Delta Plus IRMS with a Conflo 2
Dilution interface. Mineral content was determined using the loss
on ignition method as described by Hammes et al. (2006). Briefly,
samples were dried at 105°C for 24 h, then ignited at 500°C for
4 h. The mineral content was calculated as the proportion of the
mass remaining after ignition to the total mass of the sample prior
to ignition.

Leaching Experiment and Analysis of Soil

and Char Leachates

Dry soils and chars (0.4 g OC) were directly weighed into
pre-combusted glass Erlenmeyer flasks and leached with three
different aqueous phases (150 mL): deionized water (pH = 7),
Pony Lake fulvic acid solution (PLFA; 5 mg-C L1 pH = 6),
and Suwannee River humic acid solution (SRHA; 5 mg-C L™}
pH = 6). PLFA and SRHA DOM standards were purchased
from the International Humic Substances Society (IHSS; www.
ihss.humicsubstances.org). Leachates were obtained in triplicate.
Individual flasks containing deionized water, PLFA solution, and
SRHA solution were included as controls for each leaching setup.
Soil/Char suspensions and controls were capped and agitated on
a shaker table (160 rpm) in the dark at 25°C for 72 h. The samples
were subsequently filtered through pre-combusted 0.7 pm GF/F
filters and rinsed with 110 mL deionized water, which brought
final sample volumes to 260 mL. Filtered leachates and control
solutions were stored at 4°C until further analysis.

DOC was measured using a Shimadzu TOC-V-CSH analyzer
(Shimadzu Corporation, Tokyo, Japan). Ionic strength and pH
were obtained with Accumet conductivity and pH probes (Fisher
Scientific). Filtrates were acidified to pH 2 with concentrated
HCl and DOM was isolated by solid phase extraction using the
method outlined by Dittmar et al. (2008). Briefly, the Varian Bond
Elut PPL cartridge (1 g) was first conditioned with Optima-grade
MeOH and equilibrated with pH 2 MilliQ water. The acidified
filtrate was then passed through the cartridge by gravity and
the sorbent was subsequently rinsed with pH 2 MilliQ water to
remove excess salts and subsequently dried under a stream of Nj.
The DOM was then eluted with MeOH and stored in the dark at
—20°C until DBC quantification.

Black Carbon Quantification and
Characterization via the
Benzenepolycarboxylic Acid (BPCA)
Method

BC was quantified and characterized in all samples using the
BPCA method (Dittmar, 2008; Ding et al., 2013; Wiedemeier
et al., 2016). For leachate samples, where DOM was isolated via
solid phase extraction, aliquots of the DOM-containing MeOH
elute were transferred to 2mL glass ampules and the MeOH
evaporated under a stream of N, gas. Concentrated nitric acid
(0.5mL) was subsequently added to each ampule, which were
then flame-sealed and heated to 160°C for 6 h in a programmable
oven to oxidize the condensed aromatic DOM to BPCAs. After
oxidation, the ampules were heated to 50°C in a sand bath
and the HNO3 was evaporated under a stream of N gas.
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FIGURE 1 | A selection of proposed DBC molecular structures and modeled log Kow values.
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The residue containing BPCAs was dissolved in the mobile
phase for analysis. High pressure liquid chromatography (HPLC)
separation of BPCAs was performed using a Sunfire C18 reversed
phase column (3.5 pm, 2.1 x 150 mm; Waters Corporation).
A gradient elution method was employed with mobile phase A
(4mM tetrabutylammonium bromide, 50 mM sodium acetate,
10% MeOH) and mobile phase B (100% MeOH) as described in
detail by Dittmar (2008). BPCA oxidation and analysis for each
sample was carried out in triplicate (CV < 5%).

Procedures for measuring DBC were scaled up to
accommodate the oxidation of larger amounts of organic
material for the determination of BC in the particulate soil and
char samples. Additional clean-up steps were also required for
the BC analysis of solid samples in order to remove metals and
other interfering compounds prior to BPCA analysis (Schneider
et al., 2010, 2011). The particulate BPCA procedure has been
described in detail by Wiedemeier et al. (2016). Briefly, dry
sample (~2 mg) was directly transferred to 20 mL glass ampules.
Concentrated HNO3; (2 mL) was added and ampules were
immediately flame-sealed and oxidized under the conditions
described above. After oxidation, contents of each ampule were
filtered through a pre-rinsed filter (0.7 wm GF/F), passed over
a cation exchange resin (Dowex 50 WX8 400) and the eluent
freeze-dried. The BPCA-containing residue was then re-dissolved
in a 1:1 solution of Milli-Q water and MeOH and passed through
a Cl18 solid phase extraction cartridge (Supelco). The eluent
was collected, freeze-dried and re-dissolved for a final time in
the mobile phase for HPLC analysis as described above. BPCA
determinations for soils and chars were carried out in triplicate.

Fourier Transform lon Cyclotron
Resonance Mass Spectral (FT-ICR/MS)

Analysis of Water-Leached Soils and Chars
Methanol DOM extracts for water-leached soils and chars were
diluted to DOC concentrations of ~20 mg-C L™! in MeOH
and Milli-Q water (1:1 v/v) and passed through a Teflon filter
(0.2 pm) prior to electrospray ionization. Mass spectral analyses
were carried out at the University of Oldenburg (Germany) on
a Bruker Solarix 15 Tesla FT-ICR/MS instrument in negative
ion mode, with 500 scans collected per sample. A reference
mass list was used to calibrate each spectrum. The data were
filtered to remove peaks that only appeared in one sample and
those with low signal/noise ratio (<3). Formulas containing C,
H, O, N, S, and P were assigned to mass spectral peaks, then
filtered to remove unlikely DOM molecular combinations as
described by Koch et al. (2007). The modified aromaticity index
(Aljyoq > 0.67) outlined by Koch and Dittmar (2006) was used
to unambiguously categorize formulae with condensed aromatic
structures, here referred to as DBC.

RESULTS

Modeled K, Values for Proposed

Dissolved Black Carbon Structures
In total, 90 molecular structures were derived from DBC
formulae (Table1) to constrain upper (C,,H,Ox; n = 42)

and lower (CyH,yOx2; 1 = 48) ranges in Koy for compounds
with five to eight fused aromatic rings. Exemplary molecular
structures and modeled log Ko, values for a selection of
DBC formulae used in this exercise are shown in Figure 1.
The modeled DBC structures in the current study are
similar to those previously derived from molecular formulas
assigned to FT-ICR mass spectral peaks (Kramer et al.,, 2004;
Dittmar and Koch, 2006). The number of C+H-O atoms was
calculated for each of the selected DBC molecular formulae
in Tablel (C+H-O ranged from 27 to 44) and regressed
against the log K,y values determined using the atom-
fragment contribution method for O-depleted (C,H,Ox;) and
O-enriched (C,, H,Oxy) molecular structures. Linear correlations
and associated regression equations between log K, and number
of C+H-O atoms are shown in Figure2. Log K, values
estimated for O-depleted DBC formulae ranged from 3.51 to
8.04 and averaged 5.74 £ 1.26. Log Ko, values estimated for O-
enriched DBC formulae ranged from 1.48 to 6.67 and averaged
3.97 £ 1.35.

Analysis of Particulate Soils, Particulate

Chars, and Leachate Samples

The amount of DOC in each leachate solution (from deionized
water, SRHA, and PLFA treatments) was corrected for the
contribution of DOC from PLFA and SRHA (0.50 £ 0.05 and
0.47 £ 0.07 mg-C, respectively) and normalized to the amount
of OC in the particulate sample. Leachate DOC ranged from
0.98 to 22.0 mg g-OC~! with a median DOC yield of 3.74
mg g-OC™!. The amount of DBC in each leachate solution
was also corrected for the contribution of DBC from PLFA
and SRHA (quantified via the BPCA method in our lab as
contributing 0.011 £ 0.003 and 0.043 = 0.005 mg-C, respectively)

10

.
o

largely
insoluble

O-enriched formulae
O-depleted formulae

Log Kow

moderately
soluble

soluble

0 T T T T T T T T T

26 28 30 32 34 36 38 40 42 44 46

Number of (C+H-O) atoms in formula

FIGURE 2 | Linear correlations between the log Kow and C+H-O number for
90 proposed DBC structures. Data points were binned according to their
C+H-0O number. O-depleted formulae (CmHnOy4) were used to calculate the
high log Kow regression (y = 0.186x — 0.907; R? = 0.77) and O-enriched
formulae (all CmHROyo) were used to calculate the low log Kow regression

(y = 0.185x — 2.350; RZ = 0.76). Each point represents the binned mean and
error bars represent 1 SD.
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and normalized to the amount of OC in the particulate sample.
Leachate DBC ranged from 0.04 to 2.58 mg g-OC~! with a
median DBC yield of 0.26 mg g-OC™!. Deionized water blanks
contained negligible amounts of DOC and DBC. The pH of
leachate solutions ranged from 4.3 to 8.4 and conductivity
spanned a range of 6-417 s cm~'. A complete list of data
for the leachate solutions is listed in Table 2. Error associated
with experimental replicates (median and average CV across
all experimental conditions were 22 and 32%, respectively) was
greater than the error associated with analytical replicates (CV
< 5%). Therefore, analytical error was assumed to be negligible
when calculating net DBC values. Standard deviations listed in
Table 2 are instead representative of the larger error associated
with experimental replicates. A detailed description on error
propagation in the current study can be found in the Supporting
Information.

The OC content of the soils and chars ranged from 7.6 to
65.8 g kg~! with a median of 59.1 g kg~!. Mineral content,
calculated as the mass of material remaining after loss on ignition,
ranged from 36 to 837 g kg~! with a median value of 193 g kg~!.
The BC content of the particulate samples spanned a range of
28-357 g kg-OC™! with a median value of 272 g kg-OC™!. A
complete list of data for particulate soil and char samples is listed
in Table 3.

Fourier Transform lon Cyclotron
Resonance Mass Spectral (FT-ICR/MS)
Assessment of Water-Leached Soils and
Chars

Ultra high resolution mass spectral analysis yielded more than
5,000 mass peaks per leachate sample. On average, water-leached
soils and chars yielded 6,999 + 1,271 mass peaks, to which
an average of 4,874 £ 1,049 molecular formulas were assigned.
The number of assigned molecular formulas which represented
condensed aromatic structures (DBC; Al,,q > 0.67) containing
only C, H, and O atoms ranged from 339 to 787. Mean-weighted
average values for molecular weight (m/z) and number of C
atoms per formula (#C) ranged from 283 to 355 and from 15.8
to 18.9, respectively. The linear regression between C+H-O and
log Koy established in Figure 2 and described in section Modeled
Kow Values for Proposed Dissolved Black Carbon Structures was
used to estimate log Ko, values for DBC formulas identified in
the soil and char leachates. Most DBC formulas had an estimated
log Koy value < 3 (323 + 45). Fewer DBC formulas had an
estimated log Koy, between 3 and 5 (212 £ 77). A small number
of DBC formulas had estimated log Ko, values > 5 (32 + 28).
Results of FT-ICR/MS analysis for individual leachate samples are
listed in Table 4.

TABLE 2 | Experimental data for the DOM leached from soils and chars with deionized water, PLFA, and SRHA.

Sample Treatment DOC (g kg-0C—1) DBC (g kg-0C—1) pH Conductivity (us cm™1)
SRS2 Soil Water 2.44 + 0.06 0.18 £ 0.09 8.33 + 0.06 1831 + 1
SRS2 Soil PLFA 2.26 £ 0.17 0.17 £ 0.04 8.30 + 0.05 1832 + 2
SRS2 Sail SRHA 1.92 £ 0.17 0.13 £ 0.02 8.36 + 0.03 1834 + 2
PA2 Soil Water 1.22 + 0.09 0.22 £+ 0.08 6.12 £ 0.04 6+0
PA2 Soil PLFA 0.98 + 0.15 0.27 + 0.07 5.90 + 0.11 741
PA2 Soil SRHA 0.98 + 0.20 0.26 £ 0.11 5.88 £+ 0.09 6+0
PNA Soil Water 5.44 + 0.06 0.67 £ 0.08 8.08 + 0.04 89 + 1
PNA Soil PLFA 6.41 £ 2.58 0.68 £ 0.09 8.06 + 0.05 88 + 1
PNA Soil SRHA 4.45 + 0.31 0.65 + 0.09 8.08 + 0.06 87 £ 4
HBR Soil Water 7.87 £0.18 0.24 £+ 0.09 4.33 £+ 0.02 21 +0
HBR Soil PLFA 7.08 £ 0.53 0.24 £ 0.04 4.37 £ 0.06 22 £ 1
HBR Soil SRHA 7.50 £ 0.23 0.25 £+ 0.05 4.30 £+ 0.03 23+0
RICE Char Water 21.97 + 1.87 215+ 0.12 8.11 £ 0.01 397 £ 2
RICE Char PLFA 21.54 + 0.70 2.06 + 0.08 8.09 + 0.04 402 + 9
RICE Char SRHA 21.97 + 0.24 1.81 + 0.31 8.02 + 0.05 417 £ 9
WOOD Char Water 3.49 + 0.22 0.04 + 0.00 8.01 +£ 0.03 Q2 +4
WOOD Char PLFA 2.86 £ 0.57 0.07 £ 0.01 8.07 £ 0.08 90 £ 5
WOQOD Char SRHA 2.86 +£0.18 —-0.02 + 0.03 5.87 + 1.86 37 + 47
PNA Char Water 2.57 + 0.04 0.26 +£ 0.18 7.49 £ 0.13 49 +£ 0
PNA Char PLFA 2.22 +0.17 0.29 +£ 0.14 7.51 £ 0.08 48 + 1
PNA Char SRHA 2.24 £ 0.24 0.31 £0.15 7.57 £ 0.08 46 + 1
HBR Char Water 418 £ 0.18 0.27 £ 0.03 479 £ 0.27 12 £1
HBR Char PLFA 3.99 £ 0.13 0.24 £+ 0.07 4.35 £+ 0.01 17 £0
HBR Char SRHA 4.24 4+ 0.20 0.22 £+ 0.07 4.34 £+ 0.01 17 £0

DOC and DBC values have been corrected for the inherent amount of DOC and DBC in PLFA or SRHA and are normalized by the mass of OC in the source soil or char. Conductivity
and pH measurements were taken after the leachates were rinsed and diluted. All measurements were obtained in triplicate (mean + 1 SD).
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TABLE 3 | Characterization of soil and char samples.

Sample Description Sample ID OC (g kg‘1) Mineral Content (g kg“) BC (g kg-OC“)
SRS2 Sail Everglades peat soil SRS2S 509 345 + 14 28 +8
PA2 Soil Soil from historic charcoal furnace site PA2S 570 342 + 4 357 £ 12
PNA Soil Alpine forest soil from area of recent wildfire PNAS 76 837 + 20 288 + 120
HBR Sail Temperate forest soil from area of historic wildfire HBRS 494 113+ 6 37 £2
RICE Char Generated from rice straw (Hammes et al., 2006) RICEC 632 193 £ 2 2711 £ 4
WOOD Char Generated from chestnut wood (Hammes et al., 2006) WOODC 658 ND 274 + 5
PNA Char Charred pine tree burned in recent wildfire PNAC 620 46 + 3 259 +£ 5
HBR Char Derived from historic wildfire (wood type unknown) HBRC 613 36 + 13 295 + 19
Mineral content was estimated by loss on ignition. ND denotes values below the detection limit.
TABLE 4 | FT-ICR mass spectral data for soils and chars leached with deionized water.
Sample # mass # assigned #DBC m/z (w.a.) #C(w.a) C+H-0 (w.a.) log Kow # formulas # formulas # formulas
peaks formulas formulas (w.a.) log Kow <3 log Kow 3-5 log Kow >5
SRS2 Soil 7,907 6,021 467 301 15.8 181 1.72 310 149 8
PA2 Soil 8,617 5,942 787 355 18.9 21.3 2.33 380 326 78
PNA Soil 8,292 6,037 607 307 16.2 185 1.81 342 234 29
HBR Sail 6,180 4,169 563 330 16.6 17.9 1.70 341 212 8
RICE Char 6,069 4,126 575 299 16.3 20.1 2.10 285 227 61
WOOD Char 5,883 3,758 504 300 14.9 15.7 1.28 317 164 21
PNA Char 5,272 3,676 339 283 14.6 16.6 1.46 243 93 1
HBR Char 7,872 5,262 728 348 17.9 19.8 2.04 371 298 56

Mean-weighted average (w.a.) values and the number of formulas with log Koy, values <3, 3-5, and >5 are calculated from DBC formulae containing only C, H, and O.

DISCUSSION

Expected Solubility of Proposed Dissolved
Black Carbon Structures Based Upon

Modeled K., Values

The hydrophobic character and aqueous solubility of DBC
cannot be experimentally determined since standard compounds
which accurately represent the DBC pool do not exist. Instead,
we gained insight into the solubility properties of DBC molecular
structures from modeled Ko, coeflicients (typically expressed
as log Koy) which were estimated using the atom/fragment
contribution method (Meylan and Howard, 1995). As expected,
DBC molecular structures with more O-containing functional
groups exhibited, on average, significantly lower log K, values
(p < 0.05), which suggests that more oxidized DBC molecules
would have enhanced solubility in water. Significant, positive
correlations were found between log Ky, and the number of
C+H-0O atoms (p < 0.001; Figure2). The contribution of
aromatic C fragments (e.g., = CH—) to a molecular structure
increases its log Koy, whereas the addition of O-containing
functional groups (e.g, —OH, —COOH) decreases its log
Kow (Meylan and Howard, 1995; Schwarzenbach et al., 2003),
therefore the positive relationship between C+H-O and log Koy,
was expected. Log Koy was also significantly positively correlated
with the number of C+H atoms (p < 0.001; Figure S1) the
number of fused aromatic rings in the DBC core structure
(p < 0.001; Figure S2). Condensed aromatic structures with log
Kow values < 3 are quite soluble in water, with concentrations

>1 mg L' (Tobiszewski and Namiesnik, 2012). Considering
this conventional threshold for solubility assessment, it seems
that some DBC structures may exist in a truly dissolved form
(Figure 2). However, only 14% of the 90 proposed DBC structure
are considered dissolved (log Koy < 3), the rest fell within
moderately soluble (3 < log Koy < 5, 40%) and largely insoluble
(log Kow > 5, 46%) ranges. The majority of modeled log Kow
values derived from proposed DBC structures are above 3,
indicating that many of the condensed aromatic structures which
we have selected to represent the DBC pool have solubility
limitations in water.

The log Koy is inversely related to the aqueous solubility of
hydrophobic organic compounds (Schwarzenbach et al., 2003
and references therein), such as polyaromatic hydrocarbons
(PAHs), which share similar condensed aromatic structures as
molecules within the DBC pool. Since PAHs are environmental
pollutants, they have been well-characterized with regards to
their solubility in water. PAHs containing 20 or more C
atoms with log Koy values > 5 are largely insoluble in
water (corresponding to a concentration of ~0.001 mg-C
L™! at 25°C; Tobiszewski and Namiesnik, 2012). From the
apparent insolubility of large PAHs, we would expect DBC
concentrations to be equally low in natural waters due to the
structural similarities between DBC molecules and PAHs. DBC
concentrations in natural waters often exceed 1 mg-C L1 (Jaffé
et al., 2013) and are enriched in B6CA (Ding et al., 2013, 2014;
Wagner et al,, 2015a). Taken together, the data yielded from
BPCAs suggest that large (>20 C atoms) DBC molecules exist
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and are somehow stabilized within the water column. However,
this observation is at odds with Ko, modeling of DBC molecular
structures derived from assigned molecular formulae (Figure 2).

Composition of Dissolved Black Carbon

Leached from Soils and Chars

We carried out a controlled leaching experiment to investigate
the discrepancy between the expected solubility of DBC
(based upon above-described Koy, estimations from FT-ICR/MS
formula assignments) and the quantity/quality of DBC measured
in aquatic systems using the BPCA method. The composition of
DBC, described by the relative abundance of individual BPCA
molecular markers, in leachates extracted from soils and chars
with deionized water was quite variable (Figure 3A). The relative
abundance of BPCAs has been used as a proxy for BC condensed
aromaticity, and greater proportions of B5CA and B6CA are
indicative of more highly condensed aromatic BC (Schneider
et al., 2010; Abiven et al., 2011). Molecular markers B5CA and
B6CA were abundant in all leachate samples, comprising ~20-
50% of total BPCAs (Figure 3A). DBC leached from the soils
was generally more enriched in B5CA and B6CA compared to
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FIGURE 3 | Relative distributions of BPCAs for (A) DBC in water leachates
and (B) BC in particulate soils and chars (error bars = 1 SD).

DBC leached from the fresh chars, with the exception of PNAS.
PNAS is a soil sample that received fresh charcoal inputs from
a recent wildfire. Therefore, it was not surprising to find that
the BPCA composition of PNAS resembled that of the fresh char
leachates (WOODC, RICEC, PNAC; Figure 3A). HBRC, an aged
char, leached greater proportions of BSCA and B6CA compared
to the freshly-produced chars (Figure 3A). Similar findings have
been previously reported in the literature (Abiven et al., 2011).
Soil samples which have received historic inputs of BC (SRS2S,
PA2S, HBRS) leached DBC with BPCA compositions similar
to that of aged char. Over time, BC is presumably degraded
and oxidized via biotic and abiotic processes (Cheng et al.,
2006; Zimmerman, 2010) and it is proposed that the increase
in polar functionality enhances the dissolution of larger DBC
structures (those which generate greater proportions of B5CA
and B6CA upon oxidation) from aged charcoal (Abiven et al.,
2011). However, the modeling of log Koy values for proposed
DBC structures indicated that such oxidation processes do not
sufficiently increase molecular polarity for the true solubilization
of highly condensed DBC compounds in water. Therefore,
other physico-chemical processes were considered to explain this
phenomenon.

Effects of Dissolved Organic Matter on the
Apparent Solubility of Dissolved Black

Carbon

The DOM pool is operationally-defined by what passes
through a filter (0.7 pm pore size in the current study),
and therefore represents both truly dissolved compounds
and macromolecular DOM structures (e.g., microparticulates,
colloids, micelles, and molecular assemblies; Azam and Malfatti,
2007). In light of supramolecular theory, where humic substances
are considered to be aggregates of smaller heterogeneous
compounds held together by weak intermolecular forces (Piccolo,
2001; Simpson et al., 2002; Sutton and Sposito, 2005), it
is hypothesized that the stabilization of DBC may result
from hydrophobic interactions between condensed aromatic
structures and other DOM components. Hydrophobic DOM
aggregates in water as a result of entropy-driven associations
to minimize contact with highly polar water molecules (Kleber
and Johnson, 2010). Therefore, molecular interactions between
highly condensed DBC compounds and DOM are likely
to be more energetically-favorable than interactions between
highly condensed DBC compounds and water. Supramolecular
interactions have been shown to occur between high molecular
weight PAHs and humic substances (Perminova et al., 1999)
which enhances the apparent solubility of PAHs in solution
(Chin et al., 1997; Mitra and Dickhut, 1999; Durjava et al,,
2007). Considering the shared structural features between
DBC and PAHs, DOM may facilitate the translocation of
BC to surface waters via similar mechanisms. The proposed
interactive relationship between DBC and other components
of DOM is further supported by the global correlation
observed between DBC and DOC in rivers (Jaffé et al,
2013).

Frontiers in Earth Science | www.frontiersin.org

September 2017 | Volume 5 | Article 75


http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive

Wagner et al.

Solubility of DBC

The log Kow has been used as a proxy for the partitioning
of PAHs between the aqueous phase and natural organic
matter (Karickhoff, 1981; Kopinke et al., 2002; Schwarzenbach
et al, 2003). Therefore, highly polycondensed aromatic DBC
compounds with modeled log K, values > 5 should have
similarly high affinities for DOC. As such, we expected the
leaching experiment to show enhanced solubilization of DBC
from soils and chars in the presence of DOM compared with
leaching with just deionized water alone. Commercially-available
DOM standards, PLFA and SRHA, were selected to test the
apparent solubility of DBC from soils and chars because they
represent two distinct sources of natural DOM which exhibit
different molecular characteristics. PLFA is sourced from an
Antarctic lake, and contains DOM which is of predominantly
autochthonous/microbial origin. SRHA is sourced from a
blackwater river fed by peat swamps, and contains DOM of
primarily terrigenous origin. We chose PLFA and SRHA for
our controlled leaching experiments to determine whether the
apparent solubility of DBC was at all affected by the molecular
composition of the added DOM. The molecular structure of
PLFA is primarily aliphatic with limited regions of aromatic
functionality (Thorn et al., 1989), however, condensed aromatics
have been shown to strongly interaction with fulvic acids in
solution (Lu et al, 2013). As such, the apparent solubility
of DBC was expected to increase when soils and chars were
leached in the presence of PLFA. Since SRHA exhibits greater
degrees of aromaticity than PLFA (Thorn et al, 1989), the
apparent solubility of DBC was expected to be the greatest when
soils and chars were leached in the presence of SRHA due to
favorable interactions between the aromatic wt-systems of fused
ring structures and humic acids (Keiluweit and Kleber, 2009).
The experimental data for soils and chars leached with water,
PLFA, and SRHA are detailed in Table 2. Although enhanced
mobilization of DBC was expected in the presence of PLFA and
SRHA, this effect was not observed. The results of a two-way
ANOVA showed that the effect of added DOM was not significant
(p = 0.17), but the effect of sample type was significant (p <
0.001) for the net amount of DBC leached from soils and chars
(Figure 4). This finding suggested that other factors, such as the
characteristics of the soils and chars themselves, had a greater
influence over the translocation of DBC to the dissolved phase
than the proposed hydrophobic interactions with added DOM.

Supramolecular  associations among organic matter
components are complex and the specific mechanisms driving
their relationships are not well-understood (Sutton and Sposito,
2005). Under the described experimental conditions, added
humic and fulvic acid DOM did not have a significant effect
on the net amount of DBC leached from soils and char
(Figure 4; Table 2). The Supporting Information contains a
detailed description of how errors were propagated for DBC
values in Figure4. There are several possible reasons for
this observation: First, a considerable amount of DOC was
generated from the soil and char samples themselves (2-20
mg-C L~!; Table2), and DBC may have been stabilized via
thermodynamically favorable associations with existing soil
DOM components. Interactions between BC and specific soil
constituents have been demonstrated on the microscopic scale
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FIGURE 4 | Net DBC leached from soils and chars with water, PLFA, and
SRHA (error bars = 1 SD).

(Lehmann et al., 2008; Kuo et al, 2013) and these existing
associations could have minimized the potential effects of
added DOM on DBC dissolution. Second, the concentrations of
DOC generated directly from the soils and chars exceeded the
concentrations of added PLFA and SRHA. DOC contributions
from PLFA and SRHA were between 5 and 50% of final leachate
DOC concentrations. Therefore, it is conceivable that the
concentration of added DOM (5 mg-C L™!) was too low to
have a significant effect on the solubility of DBC. Third, in-lab
experimental conditions are likely not an accurate reflection of
leaching processes which occur in the natural environment. Batch
experiments, in which the native aggregation of organic material
and mineral components is destroyed and dry particulates are
resuspended in solution, do not necessarily mimic the typical
environmental conditions under which DOM is mobilized
to surface waters (Kaiser et al, 2015). Finally, hydrophobic
interactions may play more of a secondary role in the apparent
solubility of DBC. Hydrophobic mt-bond interactions are indeed
the dominant interactive forces which mediate interactions for
aromatic compounds lacking ionizable functional groups (e.g.,
PAHs; Keiluweit and Kleber, 2009). However, DBC structures are
highly polysubstituted with polar, O-containing functionalities
(Kramer et al., 2004; Wagner et al., 2015b), which may govern the
interactions of these condensed aromatics with organic matter
components by participating in other types of intermolecular
forces, such as H-bonding, cation bridging, and chelation. If this
is the case, then w-bond interactions would play more of an
assistive role in the favorable interaction of DBC components to
environmental sorbents (Keiluweit and Kleber, 2009). Chelation
has been shown to distinctly affect DOM components differently
based on their molecular character (Yamashita and Jaffé, 2008).
Therefore, chelation processes could be an equally important
driver of DBC molecular associations. The involvement of
metals in the formation of inner-sphere complexes between
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polar substituents, such as carboxylic groups, in DBC and
between DBC and DOM, may indeed play a considerable, yet
undetermined, role in DBC mobilization.

Comparing the Quantity and Quality of
Dissolved Black Carbon Leached from

Different Soils and Chars

This study was unable to provide experimental evidence to
support the hypothesis that hydrophobic interactions with added
DOM enhances the apparent dissolution of DBC. However, the
significant variation in net amount DBC leached from a suite
of soils and chars (Figure 4) suggested that physico-chemical
factors other than associations between DBC and added DOM
may drive the translocation of BC from soils and chars to
the dissolved phase. HBRC leached more DBC than WOODC
and PNAC which provides further support for the enhanced
solubility of condensed aromatics in aged charcoal, relative to
fresh charcoal, due to the increased degree of BC oxidation
(Abiven et al., 2011). The RICEC sample leached, by far, the
most DBC of all samples in the current study (Figure4).
Interestingly, the mineral content of RICEC was also high,
~5 times greater than the mineral content of the wood chars
(Table 3). Aromatic compounds, including BC, have been shown
to preferentially interact with and sorb to mineral surfaces in
soils (Brodowski et al., 2005; Kothawala et al., 2012) which
suggests that mineral content may be an important control in
the mobilization of DBC. However, no significant correlation
was observed between mineral content of source soils and chars
and net amount of DBC leached (R* = 0.03; p = 0.66; n = 24).
Alternatively, charcoal generated from herbaceous-type biomass,
such as RICEC, exhibits greater carboxyl functionality compared
to wood-derived charcoal (Knicker et al., 1996), which may have
contributed to the enhanced dissolution of DBC from RICEC.
The BC content of soil and char samples in this study
varied considerably (Table 3), likely owing to diverse sources
of biomass, combustion conditions, and compositions of the
pyrogenic material (Masiello, 2004). Solid samples which were
more enriched in BC did not necessarily yield greater amounts
of DBC, as a significant correlation between BC content and
net DBC leached was not observed (R*> = 0.04; p = 0.65; n =
24). This finding suggests that measured amounts of BC in soils
may not be indicative of expected DBC concentrations in soil
pore water or inland waters which drain the local landscape.
Since the leaching experiments were not buffered, the water-
soluble components of soils and chars controlled the pH and
ionic strength of their respective leachates (Table 2). Solution pH
and ionic strength affect the conformation and macromolecular
interactions of DOM (Kalbitz et al., 2000). However, leachate
pH values were not found to be significantly correlated with
amounts of leached DBC (R? = 0.08; p = 0.17; n = 24). Although,
a significant linear correlation between conductivity and net
amount of DBC released was observed (R* = 0.80; p < 0.005; n =
24), this relationship was diminished when the high conductivity
values for RICEC were removed from the correlation (R*> =
0.00; p = 0.87; n = 21). Similarly, a significant linear correlation
between DBC and DOC was observed for all samples (R* = 0.90;

p < 0.001; n = 24). However, this relationship was driven by
the high amounts of DBC and DOC leached from RICEC, and the
significance was diminished when RICEC was removed from the
correlation (R? = 0.00; p = 0.94; n = 21). While potential effects
of ionic strength and pH on the mobilization of DBC are indeed
possible, the results presented here were inconclusive based upon
the small set of samples in the current study.

To assess how the BPCA composition of mobilized DBC
may be related its source, BC was characterized in the
particulate soil and char samples (Figure 3B). The quality of
BC across the entire sample set was generally similar, with
B5CA and B6CA comprising ~50% of total BPCAs. The degree
of aromatic condensation for BC produced during wildfires
is diverse, owing primarily to different biomass sources and
combustion conditions (McBeath et al., 2013; Schneider et al.,
2013). Therefore, the use of BPCA ratios as the sole proxy
for DBC source is speculative since we still have a very poor
understanding of the biogeochemical factors which influence
BPCA composition during BC formation, mobilization, and
degradation in the environment. However, we observed that
leached DBC was consistently depleted in B5CA and B6CA
relative to BC in their respective source soils and chars (Figure 3).
This discrepancy suggests that the soluble portion of BC is indeed
more enriched in DBC with smaller condensed aromatic ring
systems than its particulate source. Results from the modeling
of log K,y for DBC structures, which predicts the enhanced
solubility of condensed aromatic compounds with <5 fused
rings, is in agreement with the observed preferential dissolution
of less condensed DBC. However, BPCA compositions indicate
that DBC leached from soils and chars also contained highly
condensed aromatic structures (Figure 3A).

Contrasting the Quantification of DBC with
Mass Spectral Data for Water-Leached

Soils and Chars

To further probe the observed disconnect between DBC
molecular markers and mass spectral composition, we applied
the relationship between C4+H-O and log Ko, (section Expected
Solubility of Proposed Dissolved Black Carbon Structures Based
upon Modeled Ky, Values ) to estimate log Koy values for DBC
formulas identified by FT-ICR/MS in the current suite of soil
and char leachates. Log Ko values were estimated by averaging
the log Koy values obtained from both the O-depleted and O-
enriched regression equations (Figure2). A summary of the
mass spectral data, including weighted-average values for C+H-
O and estimated log Koy, for water-leached soils and chars is
listed in Table 4. The number of condensed aromatic molecular
formulae varied among the sample set, with PA2S yielding
the highest number of DBC peaks (787; Table 4). To visualize
the mass spectral composition of DBC identified in PA2S, the
condensed aromatic formulae were displayed in Van Krevelen
space, where molecular formulas are plotted according to their
H/C and O/C ratios (Figure 5). Modeled log K, values for DBC
formulae generally increase with decreasing O/C ratio, which is
in agreement with the hypothesis that the apparent solubility of
DBC is enhanced by oxidation of condensed aromatic structures
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FIGURE 5 | Van Krevelen diagram of assigned DBC molecular formulae in the
water leachate of PA2 Soil. Points are colored according to the estimated Kow
calculated from C+H-O regressions.

(Abiven et al., 2011). The Van Kevelen distribution also indicates
that a large portion of DBC molecular formulae are quite
soluble in water (log Koy < 3; Figure 5). Line plots showing the
distribution of C+H-O and estimated log Ko, for all soil and
charcoal leachates are shown in Figure 6. Samples HBRC and
PA2S, both of which contain aged charcoal, yielded the largest
number of assigned DBC formulae with greater log Ko, values
(Figure 6B). Interestingly, RICEC also yielded a relatively large
number of high log K,y DBC formulae. The DBC molecular
character of RICEC contradicts what we would expect to observe
for fresh charcoal leachates, such as WOODC and PNAC, which
yielded lower numbers of identified DBC formulae occupying a
lower range of log K, (Figure 6B).

Ultrahigh resolution mass spectrometry is a semi-quantitative
method where molecular formulae associated with peaks of
higher relative intensity are considered to be more abundant
within the sample (Kujawinski et al, 2002). The relative
abundance of DBC formula-assigned peaks, categorized
according to log Ko, for each soil and char leachate is shown in
Figure 7. DBC formulae with estimated log Koy, values > 5 are
not only the most underrepresented with regards to number of
assigned molecular formulas, but they are also the least abundant
in terms of mass spectral peak intensity. In comparison, DBC
formulae with estimated log Koy values < 3 comprised roughly
80% of mass spectral peak intensity. Taken together with the
abundance of B5CA and B6CA generated from DBC in soil
and char leachates (Figure 3A), it seems that the molecular
composition of DBC derived from FT-ICR/MS underrepresents
this highly condensed aromatic molecular component of the
DBC pool. Although, it should be noted that the list of formulas
used for K,y modeling (Table1) and to draw subsequent
relationships between log Koy and C+H-O (Figure 2) included
formulas with higher masses and number of carbon atoms >20.
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FIGURE 6 | Line plots showing the distribution of (A) C+H-O and (B) log Kow
for DBC formulae identified in soil and char leachates.
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soil and char leachates.

Therefore, the low range of log Ko, values for the soil and
charcoal leachates is likely, in part, driven by the abundance
of DBC formulae with low numbers of carbon. Correlations
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between FT-ICR/MS results (total DBC peak intensity, percent
DBC peak intensity with log Koy > 5, 3-5, or < 3) and
BPCA results (ratios of [B5CA+B6CA]:[B3CA+B4CA] and
DBC:DOC) were not significant (p > 0.1). We also did not find
any significant correlation between DBC concentration and the
total number of DBC formulas, or between DBC concentration
and the number of DBC formulas in each log Koy class (log Koy
< 3, 3-5, and > 5) for the water leachate samples (R?* = 0.09-
0.18; p > 0.3; n = 24). As discussed previously, this is most likely
due to the RICE Char sample, which produced significantly more
DBC than any other soil or char, thus preventing any meaningful
correlations between DBC quantity and quality as described by
modeled Koy, or mass spectral analysis.

The apparent discrepancy between FT-ICR/MS and BPCA
data with regards to DBC quantification and characterization
could arise for several reasons. The BPCA method relies on
the chromatographic separation and quantification of molecular
markers formed from the chemical oxidation of condensed
aromatic structures (Dittmar, 2008). Whereas, FT-ICR/MS relies
on the soft (non-destructive) ionization of polar, organic
molecules comprising the bulk DOM pool, of which DBC
is only a part. Although, FT-ICR/MS is semi-quantitative, it
is well understood that ionization efficiencies are not equal
among different compound classes. Therefore, the mass spectral
signal of highly condensed DBC compounds could have been
suppressed by more easily ionizable compounds within the bulk
DOM pool. Recent research has demonstrated that, based upon
FT-ICR/MS analysis and fragmentation of deep sea DOM, a
significant degree of structural diversity is contained within
assigned molecular formulas (Zark et al, 2017). Although,
the exact number of isomers represented by each molecular
formula is unknown, Zark et al. (2017) estimate that the
number of unique compounds in DOM is at least one order
of magnitude greater than the total number of molecular
formulas assigned via FT-ICR/MS. Since it is not unreasonable
to assume the degree of molecular diversity in soil and
charcoal leachates is similar to that of deep sea DOM, we
would expect each DBC formula, especially those assigned to
higher mass-to-charge ratios, to represent a large number of
structural isomers. Therefore, although the expected solubility
of individual condensed aromatic structures may be low (based
upon calculated K,y ), actual bulk concentrations of DBC may be
much higher if summed up over all possible isomers associated
with each assigned DBC formula. The current study did not
exhaustively consider every possible DBC structure. Therefore,
we may have underestimated the true solubility of the bulk
DBC pool, which may explain, in part, discrepancies between
BPCA and mass spectral results. It is also possible that the
observed discrepancy results from the overestimation of DBC
content via the BPCA method. Previous studies have shown
BPCAs to be primarily derived from charred material (Dittmar,
2008; Roth et al., 2012), especially for pyrogenic organic matter
formed at high temperatures (Schneider et al., 2010). However,
a recent study points to a potentially non-pyrogenic source
for some BPCAs (Kappenberg et al., 2016). Since our DBC
concentrations are derived from an accumulated total of all
BPCAs (including B3CAs and B4CAs, which have been shown

to be produced in small quantities from non-pyrogenic organic
matter; Kappenberg et al., 2016), the overestimation of DBC
is possible. However, since B5CA and B6CA (presumed to be
exclusively pyrogenic; Kappenberg et al., 2016), give the most
weight in converting BPCA amounts to DBC concentrations
(Dittmar, 2008) the slight overestimation of DBC would
not significantly change the results or interpretation of the
current study. The BPCA and FT-ICR/MS methodologies for
detecting DBC across the combustion continuum are fairly well-
understood, but not definitively constrained (Masiello, 2004).
Although, we assume some portion of their analytical windows
to overlap, the observed disconnect between BPCA and FT-
ICR/MS data for the soil and char leachates is not unexpected,
especially for such a small number of compositionally-varied
samples.

Summary and Implications

Identifying the chemical and environmental factors which
control the translocation of DBC from the particulate to the
dissolved phase and the subsequent stabilization of DBC within
the water column is still a largely open question within the
pyrogenic carbon research community. The K, modeling
data presented herein suggested that proposed DBC molecular
structures presented a large range of solubility, depending on
size and degree of condensation, as well as on the degree of
oxidation (O-content). However, while 14% of the 90 proposed
DBC molecular structures yielded log Ko, values indicative of
good aqueous solubility, the fraction of the DBC which exhibited
limited solubility was still significant (40% has moderate
solubility and 46% are considered insoluble). Therefore, we
hypothesized that DBC must partition to an intermediate
phase, such as DOM, in order to increase apparent solubility
of condensed aromatic structures in order to be stabilized
in the aqueous phase. However, the results of the current
study were unable to provide experimental support for the
enhanced mobilization of DBC in the presence of added DOM
alone.

The apparent solubility of DBC, which consists of a pool of
compounds of diverse molecular size, degree of oxidation, and
condensed aromaticity, is likely controlled, in part, by simple
aqueous solubility for low log Koy compounds, particularly for
less polycondensed and more polar DBC structures. However,
controls on the mobilization of larger, highly polycondensed
DBC structures are less clear. Stabilization of BC in the
dissolved phase may instead be driven by the formation of
supramolecular assemblies or micelles, or by association with
colloidal fractions and/or microparticulates. While DBC-DOM
hydrophobic interactions might play a role in the mobilization
process, the formation of molecular assemblies between DBC
and DOM components via weak molecular forces and/or
interactions with metals may also be important processes to
consider. This study highlights the analytical and experimental
challenges in unraveling the environmental dynamics of DBC,
suggesting that the translocation of soil BC and char to DBC
in aquatic systems is controlled by complex biogeochemical
processes, whose environmental drivers continue to remain
elusive.

Frontiers in Earth Science | www.frontiersin.org

September 2017 | Volume 5 | Article 75


http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive

Wagner et al.

Solubility of DBC

AUTHOR CONTRIBUTIONS

YD performed the K,y modeling portion of this study. SW
carried out all leaching experiments, performed black carbon
and mass spectral analyses. SW drafted the manuscript with
significant inputs from YD and R], who contributed to the writing
and data interpretation.

ACKNOWLEDGMENTS

This work was supported by the National Science Foundation
through the Florida Coastal Long Term Ecological Research
program (Grant No. DEB-1237517) and the George Barley
endowment. The authors thank Dr. Thorsten Dittmar for his
insightful feedback on the manuscript and assistance in working

REFERENCES

Abiven, S., Hengartner, P., Schneider, M. P. W., Singh, N., and Schmidt, M.
W. L (2011). Pyrogenic carbon soluble fraction is larger and more aromatic
in aged charcoal than in fresh charcoal. Soil Biol. Biochem. 43, 1615-1617.
doi: 10.1016/j.s0ilbio.2011.03.027

Azam, F., and Malfatti, F. (2007). Microbial structuring of marine ecosystems. Nat.
Rev. Microbiol. 5,782-791. doi: 10.1038/nrmicro1747

Bird, M. I, Wynn, J. G., Saiz, G., Wurster, C. M., and McBeath, A. (2015).
The pyrogenic carbon cycle. Annu. Rev. Earth Planet. Sci. 43, 273-298.
doi: 10.1146/annurev-earth-060614-105038

Brodowski, S., Rodionov, A., Haumaier, L., Glaser, B., and Amelung, W. (2005).
Revised black carbon assessment using benzene polycarboxylic acids. Org.
Geochem. 36, 1299-1310. doi: 10.1016/j.orggeochem.2005.03.011

Cheng, C.-H., Lehmann, J., Thies, J. E., and Burton, S. D. (2008). Stability of
black carbon in soils across a climatic gradient. J. Geophys. Res. 113:G02027.
doi: 10.1029/2007]G000642

Cheng, C.-H., Lehmann, J., Thies, J. E., Burton, S. D., and Engelhard, M. H. (2006).
Oxidation of black carbon by biotic and abiotic processes. Org. Geochem. 37,
1477-1488. doi: 10.1016/j.orggeochem.2006.06.022

Chin, Y.-P., Aiken, G. R, and Danielsen, K. M. (1997). Binding of pyrene to
aquatic and commercial humic substances: the role of molecular weight and
aromaticity. Environ. Sci. Technol. 31, 1630-1635. doi: 10.1021/es960404k

Ding, Y., Cawley, K. M., da Cunha, C. N,, and Jaffe, R. (2014). Environmental
dynamics of dissolved black carbon in wetlands. Biogeochemistry 119, 259-273.
doi: 10.1007/s10533-014-9964-3

Ding, Y., Yamashita, Y., Dodds, W. K., and Jaffé, R. (2013). Dissolved black carbon
in grassland streams: is there an effect of recent fire history? Chemosphere 90,
2557-2562. doi: 10.1016/j.chemosphere.2012.10.098

Dittmar, T. (2008). The molecular level determination of black carbon
in marine dissolved organic matter. Org. Geochem. 39, 396-407.
doi: 10.1016/j.orggeochem.2008.01.015

Dittmar, T., de Rezende, C. E., Manecki, M., Niggemann, J., Ovalle, A. R. C,,
Stubbins, A., et al. (2012). Continuous flux of dissolved organic carbon from a
vanished tropical forest biome. Nat. Geosci. 5, 618-622. doi: 10.1038/ngeo1541

Dittmar, T., Koch, B., Hertkorn, N., and Kattner, G. (2008). A simple
and efficient method for the solid-phase extraction of dissolved organic
matter (SPE-DOM) from seawater. Limnol. Oceanogr. Methods 6, 230-235.
doi: 10.4319/1om.2008.6.230

Dittmar, T., and Koch, B. P. (2006). Thermogenic organic matter dissolved in the
abyssal ocean. Mar. Chem. 102, 208-217. doi: 10.1016/j.marchem.2006.04.003

Dittmar, T., and Paeng, J. (2009). A heat-induced molecular signature in marine
dissolved organic matter. Nat. Geosci. 2, 175-179. doi: 10.1038/ngeo440

Durjava, M. K,, ter Laak, T. L., Hermens, J. L. M., and Struijs, J. (2007). Distribution
of PAHs and PCBs to dissolved organic matter: high distribution coefficients
with consequences for environmental fate modeling. Chemosphere 67,990-997.
doi: 10.1016/j.chemosphere.2006.10.059

up FT-ICR mass spectral data. K. Klaproth is thanked for helping
with sample FT-ICR/MS analysis. YD thanks FIU for a DOI
Fellowship. The authors thank John Harris for performing the
%OC determinations, and Drs. J. Lehmann and J. Campbell for
kindly providing the PA2 Soil and HBR Soil sampler, respectively.
Support for field logistics for the collection of the PNA samples
by Dr. F. Rosario-Ortiz is appreciated. This is Contribution
Number 844 from the Southeast Environmental Research
Center.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/feart.
2017.00075/full#supplementary-material

Gauthier, T. D., Seitz, W. R., and Grant, C. L. (1987). Effects of structural and
compositional variations of dissolved humic materials on pyrene K, values.
Environ. Sci. Technol. 21, 243-248. doi: 10.1021/es00157a003

Goldberg, E. (1985). Black Carbon in the Environment. New York, NY: John Wiley
and Sons.

Giierefia, D. T., Lehmann, J., Walter, T., Enders, A., Neufeldt, H., Odiwour, H.,
et al. (2015). Terrestrial pyrogenic carbon export to fluvial ecosystems: lessons
learned from the White Nile watershed of East Africa. Glob. Biogeochem. Cycles
29, 1911-1928. doi: 10.1002/2015GB005095

Hammes, K., Smernik, R. J., Skjemstad, J. O., Herzog, A., Vogt, U. F., and
Schmidt, M. W. L. (2006). Synthesis and characterisation of laboratory-charred
grass straw (Oryza sativa) and chestnut wood (Castanea sativa) as reference
materials for black carbon quantification. Org. Geochem. 37, 1629-1633.
doi: 10.1016/j.orggeochem.2006.07.003

Hockaday, W. C., Grannas, A. M., Kim, S., and Hatcher, P. G. (2006).
Direct molecular evidence for the degradation and mobility of black
carbon in soils from ultrahigh-resolution mass spectral analysis of dissolved
organic matter from a fire-impacted forest soil. Org. Geochem. 37, 501-510.
doi: 10.1016/j.orggeochem.2005.11.003

Hockaday, W. C., Grannas, A. M., Kim, S., and Hatcher, P. G. (2007). The
transformation and mobility of charcoal in a fire-impacted watershed. Geochim.
Cosmochim. Acta 71, 3432-3445. doi: 10.1016/j.gca.2007.02.023

Jaffé, R., Ding, Y., Niggeman, J., Vihitalo, A. V., Stubbins, A., Spencer, R. G. M.,
etal. (2013). Global charcoal mobilization via dissolution and riverine transport
to the oceans. Science 340, 345-347. doi: 10.1126/science.1231476

Kaiser, M., Kleber, M., and Berhe, A. A. (2015). How air-drying and
rewetting modify soil organic matter characteristics: an assessment to
improve data interpretation and inference. Soil Biol. Biochem. 80, 324-340.
doi: 10.1016/j.s0ilbio.2014.10.018

Kalbitz, K., Solinger, S., Park, J.-H., Michalzik, B., and Matzner, E. (2000). Controls
on the dynamics of dissolved organic matter in soils: a review. Soil Sci. 165,
277-304. doi: 10.1097/00010694-200004000-00001

Kappenberg, A., Blasing, M., Lehndorff, E., and Amelung, W. (2016). Black carbon
assessment using benzenepolycarboxylic acids: limitations for organic-rich
matrices. Org. Geochem. 94, 47-51. doi: 10.1016/j.orggeochem.2016.01.009

Karickhoff, S. W. (1981). Semi-empirical estimation of sorption of hydrophobic
pollutants on natural sediments and soils. Chemosphere 10, 833-846.
doi: 10.1016/0045-6535(81)90083-7

Keiluweit, M., and Kleber, M. (2009). Molecular-level interactions in soils
and sediments: the role of aromatic m-systems. Environ. Sci. Technol. 43,
3421-3429. doi: 10.1021/es8033044

Kleber, M., and Johnson, M. G. (2010). Advances in understanding the
molecular structure of soil organic matter: implications for interactions
in the environment. Adv. Agron. 107, 77-142. doi: 10.1016/S0065-2113(10)
06003-7

Knicker, H., Almendros, G., Gonzélez-Vila, F. ]., Martin, F., and Liidemann, H. D.
(1996). 13C- and '*N-NMR spectroscopic examination of the transformation of

Frontiers in Earth Science | www.frontiersin.org

September 2017 | Volume 5 | Article 75


http://journal.frontiersin.org/article/10.3389/feart.2017.00075/full#supplementary-material
https://doi.org/10.1016/j.soilbio.2011.03.027
https://doi.org/10.1038/nrmicro1747
https://doi.org/10.1146/annurev-earth-060614-105038
https://doi.org/10.1016/j.orggeochem.2005.03.011
https://doi.org/10.1029/2007JG000642
https://doi.org/10.1016/j.orggeochem.2006.06.022
https://doi.org/10.1021/es960404k
https://doi.org/10.1007/s10533-014-9964-3
https://doi.org/10.1016/j.chemosphere.2012.10.098
https://doi.org/10.1016/j.orggeochem.2008.01.015
https://doi.org/10.1038/ngeo1541
https://doi.org/10.4319/lom.2008.6.230
https://doi.org/10.1016/j.marchem.2006.04.003
https://doi.org/10.1038/ngeo440
https://doi.org/10.1016/j.chemosphere.2006.10.059
https://doi.org/10.1021/es00157a003
https://doi.org/10.1002/2015GB005095
https://doi.org/10.1016/j.orggeochem.2006.07.003
https://doi.org/10.1016/j.orggeochem.2005.11.003
https://doi.org/10.1016/j.gca.2007.02.023
https://doi.org/10.1126/science.1231476
https://doi.org/10.1016/j.soilbio.2014.10.018
https://doi.org/10.1097/00010694-200004000-00001
https://doi.org/10.1016/j.orggeochem.2016.01.009
https://doi.org/10.1016/0045-6535(81)90083-7
https://doi.org/10.1021/es8033044
https://doi.org/10.1016/S0065-2113(10)06003-7
http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive

Wagner et al.

Solubility of DBC

organic nitrogen in plant biomass during thermal treatment. Soil Biol. Biochem.
28, 1053-1060. doi: 10.1016/0038-0717(96)00078-8

Koch, B. P., and Dittmar, T. (2006). From mass to structure: an aromaticity index
for high resolution mass data of natural organic matter. Rapid Commun. Mass
Spectrom. 20, 926-932. doi: 10.1002/rcm.2386

Koch, B. P., Dittmar, T., Witt, M., and Kattner, G. (2007). Fundamentals of
molecular formula assignment to ultrahigh resolution mass data of natural
organic matter. Anal. Chem. 79, 1758-1763.

Kopinke, F.-D., Georgi, A., Mackenzie, K., and Kumke, M. U.
(2002). “Sorption and chemical reactions of polycyclic aromatic
hydrocarbons  with  dissolved refractory organic substances and

related model polymers,” in Refractory Organic Substances in the
Environment, eds F. H. Frimmel, G. Abbt-Braun, K. G. Heumann,
B. Hock, H.-D. Liidemann, and M. Spiteller (Weinheim: Wiley),
475-515.

Kothawala, D. N., Roehm, C., Blodau, C., and Moore, T. R. (2012). Selective
adsorption of dissolved organic matter to mineral soils. Geoderma 189-190,
334-342. doi: 10.1016/j.geoderma.2012.07.001

Kramer, R. W., Kujawinski, E. B., and Hatcher, P. G. (2004). Identification of
black carbon derived structures in a volcanic ash soil humic acid by Fourier
transform ion cyclotron resonance mass spectrometry. Environ. Sci. Technol.
38, 3387-3395. doi: 10.1021/es030124m

Kujawinski, E. B. (2002). Electrospray ionization Fourier transform ion
cyclotron resonance mass spectrometry (ESI FT-ICR MS): characterization
of complex environmental mixtures. Environ. Forensics 3, 207-216.
doi: 10.1080/713848382

Kujawinski, E. B., Freitas, M. A., Zang, X., Hatcher, P. G., Green-Church,
K. B., and Jones, B. (2002). The application of electrospray ionization
mass spectrometry (ESI MS) to the structural characterization of natural
organic matter. Org. Geochem. 33, 171-180. doi: 10.1016/S0146-6380(01)
00149-8

Kuo, D. T. F., Vander Sande, J. B., and Gschwend, P. M. (2013). Characterization
of black carbon in geosorbents at the nanometer scale by STEM-EDX
elemental mapping. Org. Geochem. 56, 81-93. doi: 10.1016/j.orggeochem.2012.
12.012

Kuzyakov, Y., Bogomolova, I, and Glaser, B. (2014). Biochar stability in
soil: decomposition during eight years and transformation as assessed
by compound-specific '#C analysis. Soil Biol. Biochem. 70, 229-236.
doi: 10.1016/j.s0ilbio.2013.12.021

Lehmann, J., Solomon, D., Kinyangi, J., Dathe, L., Wirick, S., and Jacobsen, C.
(2008). Spatial complexity of soil organic matter forms at nanometer scales.
Nat. Geosci. 1, 238-242. doi: 10.1038/ngeo155

Lu, R, Sheng, G.-P,, Liang, Y., Li, W.-H., Tong, Z.-H., Chen, W,, et al. (2013).
Characterizing the interactions between polycyclic aromatic hydrocarbons
and fulvic acids in water. Environ. Sci. Pollut. Res. 20, 2220-2225.
doi: 10.1007/s11356-012-1087-6

Masiello, C. A. (2004). New directions in black carbon organic geochemistry. Mar.
Chem. 92, 201-213. doi: 10.1016/j.marchem.2004.06.043

McBeath, A. V., Smernik, R. J., and Krull, E. S. (2013). A demonstration of the high
variability of chars produced from wood in bushfires. Org. Geochem. 55, 38-44.
doi: 10.1016/j.orggeochem.2012.11.006

Meylan, W. M., and Howard, P. H. (1995). Atom/Fragment contribution method
for estimating octanol-water partition coefficients. J. Pharm. Sci. 84, 84-92.
doi: 10.1002/jps.2600840120

Mitra, S., and Dickhut, R. M. (1999). Three-phase modeling of polycyclic aromatic
hydrocarbon association with pore-water-dissolved organic carbon. Environ.
Toxicol. Chem. 18, 1144-1148. doi: 10.1002/etc.5620180611

Myers-Pigg, A. N., Louchouarn, P., Amon, R. M. W, Prokushkin, A., Pierce, K.,
and Rubtsov, A. (2015). Labile pyrogenic dissolved organic carbon in major
Siberian Arctic rivers: implications for wildfire-stream metabolic linkages.
Geophys. Res. Lett. 42, 377-385. doi: 10.1002/2014GL062762

Perminova, I. V., Grechishcheva, N. Y., and Petrosyan, V. S. (1999). Relationships
between structure and binding affinity of humic substances for polycyclic
aromatic hydrocarbons: relevance of molecular descriptors. Environ. Sci.
Technol. 33, 3781-3787. doi: 10.1021/es990056x

Piccolo, A. (2001). The supramolecular structure of humic substances: a novel
understanding of humus chemistry and implications in soil science. Adv. Agron.
75, 57-134. doi: 10.1016/S0065-2113(02)75003-7

Reisser, M., Purves, R. S., Schmidt, M. W. I, and Abiven, S. (2016). Pyrogenic
carbon in soils: a literature-based inventory and a global estimation of
its content in soil organic carbon and stocks. Front. Earth Sci. 4:80.
doi: 10.3389/feart.2016.00080

Roth, P. J.,, Lehndorff, E., Brodowski, S., Bornemann, L., Sdnchez-Garcia, L.,
Gustafsson, O., et al. (2012). Differentiation of charcoal, soot and diagenetic
carbon in soil: method comparison and perspectives. Org. Geochem. 46, 66-75.
doi: 10.1016/j.orggeochem.2012.01.012

Santin, C., Doerr, S. H., Kane, E. S., Masiello, C. A., Ohlson, M., de la Rosa, J. M.,
etal. (2015). Towards a global assessment of pyrogenic carbon from vegetation
fires. Global Change Biol. 22, 76-91. doi: 10.1111/gcb.12985

Schneider, M. P. W., Hilf, M., Vogt, U. F., and Schmidt, M. W. L
(2010). The benzene polycarboxylic acid (BPCA) pattern of wood
pyrolyzed between 200°C and 1000°C. Org. Geochem. 41, 1082-1088.
doi: 10.1016/j.orggeochem.2010.07.001

Schneider, M. P. W., Pyle, L. A,, Clark, K. L., Hockaday, W. C., Masiello, C. A,,
and Schmidt, M. W. I. (2013). Toward a “molecular thermometer” to estimate
the charring temperature of wildland charcoals derived from different biomass
sources. Environ. Sci. Technol. 47, 11490-11495. doi: 10.1021/es401430f

Schneider, M. P. W., Smittenberg, R. H., Dittmar, T., and Schmidt, M. W. 1.
(2011). Comparison of gas with liquid chromatography for the determination
of benzenepolycarboxylic acids as molecular tracers of black carbon. Org.
Geochem. 42, 275-282. doi: 10.1016/j.orggeochem.2011.01.003

Schwarzenbach, R. P., Gschwend, P. M., and Imboden, D. M. (2003).
Environmental Organic Chemistry: Second Edition. Hoboken: John Wiley and
Sons, Inc.

Seth, R., MacKay, D., and Muncke, J. (1999). Estimating organic carbon partition
coefficient and its variability for hydrophobic chemicals. Environ. Sci. Technol.
33, 2390-2394. doi: 10.1021/es980893j

Simpson, A. J., Kingery, W. L., Hayes, M. H. B., Spraul, M., Humpfer, E,,
Dvortsak, P., et al. (2002). Molecular structures and associations of humic
substances in the terrestrial environment. Naturwissenschaften 89, 84-88.
doi: 10.1007/s00114-001-0293-8

Sleighter, R. L., and Hatcher, P. G. (2007). The application of electrospray
ionization coupled to ultrahigh resolution mass spectrometry for the molecular
characterization of natural organic matter. J. Mass Spectrom. 42, 559-574.
doi: 10.1002/jms.1221

Stubbins, A., Spencer, R. G. M., Mann, P. J., Holmes, R. M., McClelland, J. W.,
Niggemann, J., et al. (2015). Utilizing colored dissolved organic matter to
derive dissolved black carbon export by arctic rivers. Front. Earth Sci. 3:63.
doi: 10.3389/feart.2015.00063

Sutton, R, and Sposito, G. (2005). Molecular structure in soil humic
substances: the new view. Environ. Sci. Technol. 39, 9009-9015. doi: 10.1021/
es050778q

Thorn, K. A., Folan, D. W., and MacCarthy, P. (1989). Characterization of the
International Humic Substances Society Standard and Reference Fulvic and
Humic Acids by Solution State Carbon-13 (**C) and Hydrogen-1 (*H) Nuclear
Magnetic Resonance Spectrometry, U.S. Geological Survey, Water-Resources
Investigations Report 89-4196, Denver, CO, 93.

Tobiszewski, M., and Namiesnik, J. (2012). PAH diagnostic ratios for the
identification of pollution emission sources. Environ. Pollut. 162, 110-119.
doi: 10.1016/j.envpol.2011.10.025

Uhle, M. E., Chin, Y.-P, Aiken, G. R, and McKnight,
(1999). Binding of polychlorinated biphenyls to aquatic
substances: the role of substrate and sorbate properties on
partitioning. Environ. Sci. Technol. 33, 2715-2718. doi: 10.1021/es9
808447

Wagner, S., Cawley, K. M., Rosario-Ortiz, F., and Jaffé¢, R. (2015a). In-
stream sources and links between particulate and dissolved black carbon
following a wildfire. Biogeochemistry 124, 145-161. doi: 10.1007/s10533-015-
0088-1

Wagner, S., Dittmar, T., and Jaffé, R. (2015b). Molecular characterization
of dissolved black nitrogen via electrospray ionization Fourier transform
ion cyclotron resonance mass spectrometry. Org. Geochem. 79, 21-30.
doi: 10.1016/j.orggeochem.2014.12.002

Wagner, S., and Jaffé, R. (2015). Effect of photodegradation on molecular size
distribution and quality of dissolved black carbon. Org. Geochem. 86, 1-4.
doi: 10.1016/j.orggeochem.2015.05.005

D. M.
humic

Frontiers in Earth Science | www.frontiersin.org

September 2017 | Volume 5 | Article 75


https://doi.org/10.1016/0038-0717(96)00078-8
https://doi.org/10.1002/rcm.2386
https://doi.org/10.1016/j.geoderma.2012.07.001
https://doi.org/10.1021/es030124m
https://doi.org/10.1080/713848382
https://doi.org/10.1016/S0146-6380(01)00149-8
https://doi.org/10.1016/j.orggeochem.2012.12.012
https://doi.org/10.1016/j.soilbio.2013.12.021
https://doi.org/10.1038/ngeo155
https://doi.org/10.1007/s11356-012-1087-6
https://doi.org/10.1016/j.marchem.2004.06.043
https://doi.org/10.1016/j.orggeochem.2012.11.006
https://doi.org/10.1002/jps.2600840120
https://doi.org/10.1002/etc.5620180611
https://doi.org/10.1002/2014GL062762
https://doi.org/10.1021/es990056x
https://doi.org/10.1016/S0065-2113(02)75003-7
https://doi.org/10.3389/feart.2016.00080
https://doi.org/10.1016/j.orggeochem.2012.01.012
https://doi.org/10.1111/gcb.12985
https://doi.org/10.1016/j.orggeochem.2010.07.001
https://doi.org/10.1021/es401430f
https://doi.org/10.1016/j.orggeochem.2011.01.003
https://doi.org/10.1021/es980893j
https://doi.org/10.1007/s00114-001-0293-8
https://doi.org/10.1002/jms.1221
https://doi.org/10.3389/feart.2015.00063
https://doi.org/10.1021/es050778q
https://doi.org/10.1016/j.envpol.2011.10.025
https://doi.org/10.1021/es9808447
https://doi.org/10.1007/s10533-015-0088-1
https://doi.org/10.1016/j.orggeochem.2014.12.002
https://doi.org/10.1016/j.orggeochem.2015.05.005
http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



https://doi.org/10.3791/53922
https://doi.org/10.1021/es801357h
https://doi.org/10.1016/j.marchem.2017.02.005
https://doi.org/10.1021/es903140c
https://doi.org/10.4319/lom.2011.9.140
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org/Earth_Science/editorialboard
http://www.frontiersin.org/Earth_Science/editorialboard
http://www.frontiersin.org/Earth_Science/editorialboard
http://www.frontiersin.org/Earth_Science/editorialboard
https://doi.org/10.3389/feart.2017.00011
http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2017.00011&domain=pdf&date_stamp=2017-02-27
http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:jomar.uenf@gmail.com
https://doi.org/10.3389/feart.2017.00011
http://journal.frontiersin.org/article/10.3389/feart.2017.00011/abstract
http://loop.frontiersin.org/people/363243/overview
http://loop.frontiersin.org/people/266672/overview
http://loop.frontiersin.org/people/284352/overview
http://loop.frontiersin.org/people/413915/overview
http://loop.frontiersin.org/people/391776/overview
http://loop.frontiersin.org/people/413901/overview



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://journal.frontiersin.org/article/10.3389/feart.2017.00011/full#supplementary-material
http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



https://doi.org/10.1016/j.soilbio.2011.03.027
https://doi.org/10.1016/j.chemosphere.2009.01.045
https://doi.org/10.1007/s10533-014-9964-3
https://doi.org/10.1016/j.chemosphere.2012.10.098
https://doi.org/10.1016/j.orggeochem.2008.01.015
https://doi.org/10.1016/j.marchem.2006.04.003
https://doi.org/10.4319/lom.2008.6.230
https://doi.org/10.1038/ngeo440
https://doi.org/10.4319/lo.2012.57.4.1171
https://doi.org/10.1038/ngeo1541
https://doi.org/10.1016/j.scitotenv.2006.06.007
https://doi.org/10.1007/s001140000193
https://doi.org/10.1111/j.1365-2486.2008.01568.x
https://doi.org/10.1029/2006GB002914
https://doi.org/10.1126/science.1231476
https://doi.org/10.1016/j.marchem.2004.06.042
https://doi.org/10.1016/S0043-1354(01)00495-X
https://doi.org/10.1016/j.foreco.2012.05.008
https://doi.org/10.1111/j.1365-2486.2009.02044.x
https://doi.org/10.4319/lo.2004.49.3.0735
https://doi.org/10.1016/S1352-2310(01)00454-X
https://doi.org/10.1016/j.jhydrol.2012.12.036
https://doi.org/10.5194/bg-3-397-2006
https://doi.org/10.1016/j.biocon.2009.02.021
https://doi.org/10.3389/feart.2016.00085
https://doi.org/10.1111/gcb.12985
https://doi.org/10.1016/j.orggeochem.2010.07.001
https://doi.org/10.1016/j.marchem.2015.06.019
https://doi.org/10.1016/j.jenvrad.2009.11.001
https://doi.org/10.1029/2009jg000968
https://doi.org/10.1021/es703014q
https://doi.org/10.5194/bg-9-1661-2012
http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



https://doi.org/10.3389/feart.2015.00063
https://doi.org/10.1029/2010GL043963
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org/Earth_Science/editorialboard
http://www.frontiersin.org/Earth_Science/editorialboard
http://www.frontiersin.org/Earth_Science/editorialboard
http://www.frontiersin.org/Earth_Science/editorialboard
https://doi.org/10.3389/feart.2017.00034
http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2017.00034&domain=pdf&date_stamp=2017-05-16
http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:yamashiy@ees.hokudai.ac.jp
https://doi.org/10.3389/feart.2017.00034
http://journal.frontiersin.org/article/10.3389/feart.2017.00034/abstract
http://loop.frontiersin.org/people/225286/overview



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



http://journal.frontiersin.org/article/10.3389/feart.2017.00034/full#supplementary-material
https://doi.org/10.1146/annurev-earth-060614-105038
https://doi.org/10.1016/j.orggeochem.2008.04.020
https://doi.org/10.1002/2016GL068574
https://doi.org/10.1002/2013GL059068
https://doi.org/10.1016/j.marchem.2013.10.007
https://doi.org/10.1007/s10533-014-9964-3
https://doi.org/10.1016/j.chemosphere.2012.10.098
https://doi.org/10.1007/s10533-014-0050-7
https://doi.org/10.1016/j.orggeochem.2008.01.015
https://doi.org/10.1038/ngeo1541
https://doi.org/10.1016/j.marchem.2006.04.003
https://doi.org/10.1038/ngeo440
https://doi.org/10.4319/lo.2012.57.4.1171
https://doi.org/10.5194/bg-11-3225-2014
http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



https://doi.org/10.4319/lo.2012.57.5.1453
https://doi.org/10.1002/2013GB004670
https://doi.org/10.3389/fmars.2016.00007
https://doi.org/10.1038/srep01053
https://doi.org/10.1021/acs.est.5b04314
https://doi.org/10.1016/S0146-6380(98)00194-6
https://doi.org/10.1016/j.pocean.2006.10.001
https://doi.org/10.4319/lo.1994.39.8.1903
https://doi.org/10.1029/2006JD007632
https://doi.org/10.1073/pnas.1212690110
https://doi.org/10.1016/S0146-6380(00)00096-6
https://doi.org/10.4319/lo.2008.53.3.0955
https://doi.org/10.1016/j.orggeochem.2005.11.003
https://doi.org/10.1016/j.gca.2007.02.023
https://doi.org/10.1007/s10872-015-0280-x
https://doi.org/10.2112/SI74-019.1
https://doi.org/10.1126/science.1231476
https://doi.org/10.1016/j.atmosenv.2008.07.029
https://doi.org/10.1007/BF02108696
https://doi.org/10.1002/2016GL068609
https://doi.org/10.1016/j.marchem.2004.06.042
https://doi.org/10.1126/science.280.5371.1903
https://doi.org/10.1002/jgrd.50473
https://doi.org/10.4319/lo.2004.49.3.0735
https://doi.org/10.3389/feart.2017.00011
https://doi.org/10.1016/j.marchem.2004.06.043
https://doi.org/10.1126/science.280.5371.1911
https://doi.org/10.1126/science.1237688
https://doi.org/10.1016/j.dsr2.2005.10.002
https://doi.org/10.1038/321061a0
https://doi.org/10.1029/2010JC006321
https://doi.org/10.1023/A:1007840802296
https://doi.org/10.1038/386480a0
https://doi.org/10.1029/2006GL027249
https://doi.org/10.5194/bg-3-397-2006
https://doi.org/10.3389/feart.2016.00080
https://doi.org/10.1016/j.orggeochem.2012.01.012
https://doi.org/10.1111/gcb.12985
https://doi.org/10.1029/2001GL013168
https://doi.org/10.1029/2004gl021039
https://doi.org/10.1029/2004JC002527
http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive



https://doi.org/10.5194/bg-9-1661-2012
https://doi.org/10.4319/lo.2010.55.4.1467
https://doi.org/10.3389/feart.2015.00063
https://doi.org/10.1002/2015JD023648
https://doi.org/10.1038/srep34123
https://doi.org/10.1016/j.pocean.2005.02.018
https://doi.org/10.1007/s10533-015-0088-1
https://doi.org/10.1016/j.orggeochem.2015.05.005
https://doi.org/10.1039/C3EM00597F
https://doi.org/10.1021/es070193r
https://doi.org/10.1002/lno.10570
https://doi.org/10.5194/bg-10-7207-2013
https://doi.org/10.4319/lo.2009.54.2.0598
https://doi.org/10.4319/lom.2011.9.140
https://doi.org/10.1029/2010GL043963
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive

Advantages
of publishing
INn Frontiers

o

OPEN ACCESS

Articles are free to read
for greatest visibility
and readership

90

FAST PUBLICATION

Around 90 days
from submission
to decision

L

HIGH QUALITY PEER-REVIEW
Rigorous, collaborative,
and constructive
peer-review

TRANSPARENT PEER-REVIEW

Editors and reviewers
acknowledged by name
on published articles

Frontiers
Avenue du Tribunal-Fédéral 34
1005 Lausanne | Switzerland

Visit us: www.frontiersin.org

Contact us: info@frontiersin.org | +41 21510 17 00

OO

REPRODUCIBILITY OF
RESEARCH

Support open data
and methods to enhance
research reproducibility

=

DIGITAL PUBLISHING
Articles designed
for optimal readership
across devices

FOLLOW US
@frontiersin

uil

IMPACT METRICS
Advanced article metrics
track visibility across
digital media

EXTENSIVE PROMOTION
Marketing
and promotion
of impactful research

©

LOOP RESEARCH NETWORK
Our network
increases your
article’s readership



http://www.frontiersin.org/

	Cover 
	Frontiers Copyright Statement
	From Fires to Oceans: Dynamics of Fire-Derived Organic Matter in Terrestrial and Aquatic Ecosystems
	Table of Contents
	Editorial: From Fires to Oceans: Dynamics of Fire-Derived Organic Matter in Terrestrial and Aquatic Ecosystems
	Introduction
	Identification and Characterization Of PYC
	PYC On-site: Production and Storage In Soils
	PYC Degradation Processes
	PYC Mobilization: The Importance Of Leaching And Erosion
	From Land to the Ocean
	Moving Forward: Research Needs and Challenges
	Author Contributions
	Acknowledgments

	Trial by Fire: On the Terminology and Methods Used in Pyrogenic Organic Carbon Research
	Introduction
	Pyrogenic Substances Quantification Methods
	Problems and Perplexities
	Terminology Issues
	Methodology/Conceptual Issues

	Recommendations
	Author Contributions
	Funding
	Acknowledgments
	References

	What Can Charcoal Reflectance Tell Us About Energy Release in Wildfires and the Properties of Pyrogenic Carbon?
	Introduction
	Materials and Methods
	Laboratory Fire Experiments
	WRC Experiments
	Bulk Density Experiments

	Experimental Field Scale Fires
	Preparation of Charcoal Samples and Measurement of Charcoal Reflectance
	Exploration of Laboratory Produced Charcoal Reactivity and Thermal Recalcitrance

	Results
	Formation of and Variations in Charcoal Reflectance
	Field Scale Experimental Fires
	Preliminary Exploration of Variations in Charcoal Recalcitrance

	Discussion
	The Formation of Charcoal Reflectance
	Charcoal Reactivity and Likely Resistance to Future Degradation

	Author Contributions
	Funding
	Acknowledgments
	References

	Quantifying Changes in Total and Pyrogenic Carbon Stocks Across Fire Severity Gradients Using Active Wildfire Incidents
	Introduction
	Methods
	Study Area
	Field Methods
	Laboratory Methods
	Calculations and Statistical Approach

	Results
	Agreement Between Severity Level Measurement Method and Tree Mortality
	Total Fire-Affected Ecosystem C and PyC Stocks
	Total C and PyC Stocks in Vegetation and Downed Wood
	Total C and PyC Stocks in the Organic Horizon and Upper Mineral Soil
	Contributions of PyC to Fire-Affected C by Forest Compartment and Across Fire Severity Levels
	Distribution of C and PyC in Burned Mixed-Conifer Forest

	Discussion
	Wildfire Impacts on Aboveground Forest C and PyC
	Wildfire Impacts on Organic Horizon and Mineral Soil C and PyC
	Evaluation of Contrasting Fire Severity Metrics
	Additional Data Needs

	Conclusions
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Charcoal in Organic Horizon and Surface Mineral Soil in a Boreal Forest Fire Chronosequence of Western Quebec: Stocks, Depth Distribution, Chemical Properties and a Synthesis of Related Studies
	Introduction
	Materials and Methods
	Site Selection
	Soil Sampling
	Chemical Analysis
	C-13 NMR

	Results
	Amounts and Depth Distribution
	Chemical Properties
	C-13 NMR

	Discussion
	C and N in Field Charcoal Samples
	C and N Comparison with Laboratory Char Studies
	Chemistry—Other Elements
	NMR
	Comparison of Amounts
	Linking Estimates of Production

	Conclusions
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Pyrogenic Carbon Lacks Long-Term Persistence in Temperate Arable Soils
	Introduction
	Materials and Methods
	European Network of Long Term Bare Fallows (LTBF)
	PyOC Assessment
	SOC Assessment
	Statistical Analysis
	One Pool Model

	Results
	PyOC Contents Decrease Rapidly
	PyOC Becomes Enriched in Condensed Material
	PyOC and SOC Loss Differs Little
	PyOC Residence Time Ranges from 42 to 183 Years

	Discussion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Pyrogenic Carbon in Soils: A Literature-Based Inventory and a Global Estimation of Its Content in Soil Organic Carbon and Stocks
	Introduction
	Materials and Methods
	Data Collection
	Representativeness of the Dataset
	Quantification of PyC
	Statistical Analysis
	Case Study: Global Evaluation of the PyC Content and Stocks

	Results
	PyC Content in the SOC
	Method Comparison and Data Representativeness
	PyC Content in the SOC As a Function of Fire Characteristics
	PyC Content in the SOC As a Function of Land Use
	PyC Content in the SOC As a Function of the Climatic Conditions
	PyC Content in the SOC As a Function of the Soil Characteristics

	Discussion
	PyC Content in the SOC
	Drivers Explaining PyC Content in the SOC

	Case Study: Global Evaluation of the PyC Contents in the SOC and Stocks
	Observations
	Limitations and Perspectives

	Conclusion and Perspectives
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Function of Wildfire-Deposited Pyrogenic Carbon in Terrestrial Ecosystems
	Introduction
	Belowground Sequestration of Recalcitrant Carbon
	Sorption Interactions
	Microsite Effects
	Future Research Directions
	Author Contributions
	References

	Dynamics of Charcoal Alteration in a Tropical Biome: A Biochar-Based Study
	Introduction
	Methodology
	Samples and Field Site
	Elemental Abundance, Isotopic Analysis and Ash Concentration
	PAH Concentration by Hydrogen Pyrolysis and GC-MS
	13C-CPMAS NMR Spectroscopy
	Change in Carbon Concentration and Sample Mass

	Results
	Variations in Sample Mass and Ash Concentration
	Changes in Carbon, Nitrogen, Oxygen, and Hydrogen Concentration
	Stable Isotope Measurements (δ13C/ δ15N)
	GC-MS of Polycyclic Aromatic Hydrocarbons
	13C-MAS-NMR

	Discussion
	Biochar Chemistry Depends Upon Both Production Temperature and Feedstock
	Characteristics of Environmental Alteration: Effects of Production Temperature
	Characteristics of Environmental Alteration: Effect of Feedstock
	Characteristics of Environmental Alteration: Effect of Depositional Environment

	Conclusions
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Physical Processes Dictate Early Biogeochemical Dynamics of Soil Pyrogenic Organic Matter in a Subtropical Forest Ecosystem
	Introduction
	Materials and Methods
	Study Site, Sampling, and Soil Description
	Preparation of pyOM
	Post-burial pyOM and Soil Analysis
	Precipitation and Temperature Data
	Data Analysis and Modeling

	Results
	Overall Effects of Time and Space on pyOM Dynamics
	Temporal Trends in pyOM-Associated Carbon and Nitrogen
	Temporal Changes in pyOM PH and Stability
	Impact on Soil Properties

	Discussion
	Dynamics of pyOM-Associated Carbon and Nitrogen
	Dynamics of pyOM pH and Stability
	Temporal Changes in Soil Within the Vicinity of the pyOM

	Summary and Concluding Remarks
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Fire as a Removal Mechanism of Pyrogenic Carbon From the Environment: Effects of Fire and Pyrogenic Carbon Characteristics
	Introduction
	Materials and Methods
	Study Area and Experimental Setup
	Wildfire Burn Experiments
	Laboratory Analyses
	Differential Scanning Calorimetry (DSC)
	Elemental Composition
	Charcoal Reflectance

	Statistical Analysis

	Results
	Sample Properties Before the Fires
	Mass Losses and Their Correlations With Temperature/Duration Records
	Thermal-, Elemental-, and Reflectance Characteristics
	Correlations Between Sample Characteristics, Charcoal Reflectance and Fire Properties

	Discussion
	Mass Losses Compared to Previous Studies
	Mass Losses and Their Correlations With Temperature/Duration Records
	Mass Losses, PyC Characteristics and Thermal Recalcitrance
	Significance and Implications for Wildfire as a PyC Production and Removal Mechanism

	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Production and Composition of Pyrogenic Dissolved Organic Matter From a Logical Series of Laboratory-Generated Chars
	Introduction
	Pyrogenic Organic Matter Chemistry
	Pyrogenic Carbon Quantification Method

	Methods And Materials
	Materials
	Parent Solids

	Experimental and Analytical Methods
	Solid Phase Extraction
	BPCA Analysis
	High Performance Liquid Chromatography Analysis
	Solid-State 13C NMR Spectroscopy (Solids)
	1H-NMR Spectroscopy (Leachates)

	Data Analysis

	Results
	Chemistry of Parent Pyrogenic and Reference Solids
	13C NMR Analysis of Parent Solids
	BPCA Analysis of Parent Solids

	Yield and Composition of Pyrogenic and Reference Solid Leachates
	DOC Yield
	1H-NMR Analysis of pyDOM
	BPCA-C Yield From pyDOM and Reference Leachates
	Molecular Distribution of BPCA in pyDOM


	Discussion
	Pyrogenic C Quantification Implications
	Non-pyrogenic BPCA Production
	Estimating ConAC From B5CA+B6CA-C
	Estimating pyDOC From ConAC

	Controls on PyDOM Release
	Environmental Significance

	Conclusions
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Impact of a Historical Fire Event on Pyrogenic Carbon Stocks and Dissolved Pyrogenic Carbon in Spodosols in Northern Michigan
	Introduction
	Materials and Methods
	Field Sites and Experimental Design
	PyC Measurements
	PyC in Organic and Mineral Soils
	PyC in Soil Solution

	Statistical Analyses

	Results
	PyC Stocks in 100 Year-Burned and Unburned Sites
	Dissolved PyC Leached from Organic and Mineral Soil Horizons

	Discussion
	Conclusion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Pyrogenic Carbon Erosion: Implications for Stock and Persistence of Pyrogenic Carbon in Soil
	Introduction
	Fires and Production of Pyrogenic Carbon
	Effect of Fire and PyC on Soil Erosion

	Erosion and PyC Persistence in Soil
	Historical Perspective
	Stability and Turnover of PyC
	Erosion as a Driver of C Dynamics in Soil
	Post-fire Erosion
	Atmospheric and Aeolian Transport of PyC
	Stabilization of Eroded PyC via Burial


	Significance of Erosional Redistribution of PyC in the Terrestrial Ecosystem
	Erosion and Soil PyC Dynamics
	The Erodible Nature of PyC
	Climate and Hydrology
	Geomorphology of the Landscape
	Interactions

	Implications of Including Erosion as a PyC Flux Term
	Calculating Loss and MRT of PyC
	Estimating MRT of PyC in Dynamic Landscapes
	Explicitly Considering Erosion in Global PyC Budgets
	Remaining Uncertainties in PyC Erosion and Recommendations for Future Research

	Conclusions
	Author Contributions
	Funding
	Acknowledgments
	References

	Post-wildfire Erosion in Mountainous Terrain Leads to Rapid and Major Redistribution of Soil Organic Carbon
	Introduction
	Methods
	Site Description
	Sampling Design
	Basic Soil, Elemental, and Isotopic Analyses
	Spectroscopy
	Data Analysis

	Results
	Bulk Soil Properties and Elemental Concentrations
	SOC in Fractions and PyC
	Isotopic and Spectroscopic Composition of SOM

	Discussion
	Transport and Loss of Different SOC Fractions Due to Post-fire Erosion
	Downwards Mobilization of SOC and SOM
	Implications of Post-fire Erosion for Long-Term Persistence of SOC and PyC

	Conclusions
	Author Contributions
	Funding
	Acknowledgments
	References

	Preferential Production and Transport of Grass-Derived Pyrogenic Carbon in NE-Australian Savanna Ecosystems
	Introduction
	Materials and Methods
	Field Sampling Methodology
	Sediment Sampling
	Sampling of Surface Material in Burned and Unburned Quadrats

	Laboratory Methods
	Sample Preparation
	Hydrogen Pyrolysis
	Carbon Abundance and Isotope Composition

	Statistical Methods

	Results
	Variation in δ13C Values and Carbon Contents in Surface Sediments of Farm Dams
	Relative Contribution of Size Fractions to Surface Carbon Pools in Fire Experiments

	Discussion
	Variation in the Geographical Distribution of PyC in Surface Sediments (Objective 1)
	Preferential Combustion of Grass Biomass and Factors Affecting the Isotopic Composition of PyC (Objective 2)
	Preferential Transport of Grass-Derived PyC (Objective 3)
	Charcoal Particle Size Thresholds for Fire Research in Tropical Savannas (Objective 4)

	Conclusions
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	A New Perspective on the Apparent Solubility of Dissolved Black Carbon
	Introduction
	Materials and Methods
	Selection of Dissolved Black Carbon Molecular Formulae
	Assembling Proposed Dissolved Black Carbon Molecular Structures
	Modeling Kow for Proposed Dissolved Black Carbon Molecular Structures
	Collection and Characterization of Soil and Char Samples
	Leaching Experiment and Analysis of Soil and Char Leachates
	Black Carbon Quantification and Characterization via the Benzenepolycarboxylic Acid (BPCA) Method
	Fourier Transform Ion Cyclotron Resonance Mass Spectral (FT-ICR/MS) Analysis of Water-Leached Soils and Chars

	Results
	Modeled Kow Values for Proposed Dissolved Black Carbon Structures
	Analysis of Particulate Soils, Particulate Chars, and Leachate Samples
	Fourier Transform Ion Cyclotron Resonance Mass Spectral (FT-ICR/MS) Assessment of Water-Leached Soils and Chars

	Discussion
	Expected Solubility of Proposed Dissolved Black Carbon Structures Based Upon Modeled Kow Values
	Composition of Dissolved Black Carbon Leached from Soils and Chars
	Effects of Dissolved Organic Matter on the Apparent Solubility of Dissolved Black Carbon
	Comparing the Quantity and Quality of Dissolved Black Carbon Leached from Different Soils and Chars
	Contrasting the Quantification of DBC with Mass Spectral Data for Water-Leached Soils and Chars
	Summary and Implications

	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Dissolved Black Carbon in the Headwaters-to-Ocean Continuum of Paraı́ba Do Sul River, Brazil
	Introduction
	Materials and Methods
	Study Area
	Sampling
	Sample Processing
	Dissolved Organic Carbon and Stable Carbon Isotope Determination
	Dissolved Black Carbon
	Two Source Isotopic Model
	Hydrological and Conservative Mixing Models

	Results
	Discussion
	The Source of DBC
	Processing of DBC in the River-to-Ocean Continuum

	Conclusions
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Distribution and Sources of Dissolved Black Carbon in Surface Waters of the Chukchi Sea, Bering Sea, and the North Pacific Ocean
	Introduction
	Materials And Methods
	Sampling
	Solid Phase Extraction
	Nitric Oxidation for the Benzene Polycarboxylic Acid (BPCA) Method
	High Performance Liquid Chromatography to Quantify BPCAs
	Analysis of DOM Optical Properties

	Results
	Oceanographic Characteristics of the Study Area
	Spatial Distribution of DOM Optical Properties in Surface Waters
	Spatial Distribution of DBC Concentration and Composition in Surface Waters

	Discussion
	Characteristics of DBC in Surface Waters of the Chukchi Sea, Bering Sea, and North Pacific Ocean
	Factors Controlling DBC Distributions in Surface Waters of the Chukchi/Bering Seas
	Factors Controlling DBC Distributions in Surface Waters of the North Pacific Ocean

	Conclusions And Remarks
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Back Cover



