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Inventories of fire-derived (pyrogenic) C (PyC) stocks in soils remain incomplete for many

parts of the world, yet are critical to reduce uncertainties in global PyC estimates.

Additionally, PyC dynamics in soils remain poorly understood. For example, dissolved

PyC (DPyC) fluxes from soil horizons, as well as the influence of historical fire events

on these fluxes and soil PyC stocks remain poorly quantified. In this study, we examined

stock and concentration differences in soil PyC and leached DPyC, respectively, between

two forest types in the Great Lakes region (USA): (1) a red pine (Pinus resinosa) forest

planted after the site had experienced post-logging slash burning in the late nineteenth

century (100 year-burned site), and (2) a sugar maple (Acer saccharum) forest that

showed no evidence of burning in the past 250 years (unburned site). We hypothesized

that the 100 year-burned site would have greater PyC stocks and concentrations of DPyC

compared to the unburned site. We measured PyC in soil, as well as DPyC in soil water

leaching from O and E horizons following a spring snowmelt event in both 100 year-

burned and unburned sites. Additionally, we measured DPyC drained from B horizons

in 100 year-burned site. In organic horizons, PyC stocks were 1.8 (Oi) and 2.3 (Oe)

times greater in the 100 year-burned site than in the unburned site. Contrary to our initial

hypothesis, DPyC concentrations did not differ between sites. On average, DPyC leached

from all sites contributed 3.11 ± 0.27% of the total dissolved organic carbon pool. In

the 100 year-burned site, a significant decline in concentrations of DPyC leaving the B

horizon was attributed to the immobilization of this C pool in the Al and Fe oxides-rich

subsoil. Even though PyC stock in O horizons was higher in 100 year-burned than in

unburned site, our results did not support our initial hypothesis that the 100 year-burned

site would have greater DPyC concentrations than the unburned site, suggesting that any

differences in DPyC resulting from a single fire event are either not detectable after >100

years post-burn, and/or that the release of DPyC is a continuous, long-term process

resulting from the degradation of historically accumulated PyC.
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INTRODUCTION

Pyrogenic carbon (PyC) is a thermally-altered form of organic
carbon (C) produced during fires (Goldberg, 1985; Bird et al.,
2015). Interest in understanding the importance of PyC to the
global soil C dynamics has increased in part because PyC is
thought to contribute to long-term C sequestration in soils, owed
to its apparent stability in soils on decades to millennial residence
time scales (Santos et al., 2012; Singh et al., 2012; Fang et al.,
2014). Global storage of soil PyC has been estimated at 200 Pg
(uppermost 2m), with PyC accounting for up to 60% of soil
organic C worldwide (Forbes et al., 2006; Reisser et al., 2016).
Limited data on PyC stocks and dynamics in many ecosystems
and subsoil horizons, however, still hinder a better understanding
of PyC stabilization processes and accurate estimations of the
global PyC budget. Despite the apparent stability of PyC in soils,
there is growing evidence that a fraction of PyC is subjected to
redistribution in the landscape and lost from soils via erosion
(Rumpel et al., 2006, 2009; Boot et al., 2015; Güereña et al.,
2015; Cotrufo et al., 2016) and can be vertically transported to
lower soil depths via translocation (Dai et al., 2005; Leifeld et al.,
2007) and leaching (Hockaday et al., 2006, 2007; Major et al.,
2010). This suggests that PyC is muchmore dynamic in soils than
previously thought. For example, large fluxes of dissolved PyC
(DPyC,<0.7µm particle size) in a tropical river were reported to
increase during heavy rain and derive from charcoal remaining in
surface soils from historical fires rather than from recent burning
(Marques et al., 2017). Thus, quantifying the relative impact of
historical fires on PyC stocks and export from soils is essential
to understand the impact of fires on PyC stabilization in and
mobilization mechanisms from soils.

Although much of the existing soil PyC stocks data reported
in the literature is restricted to the uppermost 30 cm depth
(Bird et al., 2015), a significant proportion of PyC could be
stored below 30 cm depth (subsoils) in forest ecosystems. Subsoils
have been reported to store up to 63% of the total C stored
in soils worldwide (Batjes, 1996; Jobbagy and Jackson, 2000),
but only few studies have reported PyC stocks in lower soil
horizons of fire-impacted forest ecosystems (Czimczik et al.,
2005; Soucémarianadin et al., 2014; Jauss et al., 2017; Koele et al.,
2017). For example, in a Canadian boreal forest, 12–46% of
the total PyC stock in podzols was found in the entire mineral
horizon (Ae, Bf, Bfc, BC, and C) (Soucémarianadin et al., 2014).
In a study conducted in a boreal forest in Siberia, on the other
hand, PyC in mineral soils (depth >1m) contributed very little
(<1%) to the total stocks in podzols (Czimczik et al., 2005). In
a recent inventory of PyC in Amazon basin forest soils, 50% of
PyC in the soil profile was measured at depths ranging from 44 to
71 cm (Koele et al., 2017). Incomplete available datasets on PyC
pools for the entire soil profile limit accurate estimations of the
global PyC budget and the assessment of how fire impacts PyC
storage in deep soils.

PyC loss from soils via leaching is one of the major gaps

in PyC research (Bird et al., 2015; Santín et al., 2016), limiting
our understanding of PyC transport pathways across ecosystems

and the role of PyC in the global C cycle (Santín et al., 2016).

In aquatic systems, DPyC is typically reported as a measure

of dissolved poly-condensed aromatic C (Dittmar, 2008) and
has been shown to correlate with dissolved organic carbon
(DOC) (Ding et al., 2013, 2014; Jaffé et al., 2013; Güereña
et al., 2015). Few studies have examined the export pathways
for the transport of DPyC from terrestrial to aquatic ecosystems
(Güereña et al., 2015; Cotrufo et al., 2016; Marques et al.,
2017). While a study conducted in mixed tropical highland
forest and agricultural catchments dominated by Nitisols showed
that subsurface transport was more important than erosion in
driving the movement of DPyC from soils to streams (Güereña
et al., 2015), a study conducted in a savanna Oxisol showed
that leaching accounted for less than 1% of the annual DPyC
losses (detected based on 13C stable isotope approaches) one
and two years after the addition of charcoal to tropical soil
(Major et al., 2010). No study, however, has reported fluxes
of DPyC from organic and mineral soil horizons in temperate
ecosystems, limiting our understanding of PyC contribution to
C stabilization in subsoils and mobilization of DPyC to aquatic
systems. Moreover, the role of historical fire events in controlling
the fluxes of terrestrially-derived DPyC to aquatic ecosystems
remains unclear. Accurate estimations of DPyC fluxes from soils
and a clearer picture of the role of historical fires in driving these
fluxes are essential to understand PyC dynamics in soils, and to
predict the impact of fires on PyC export from soils to aquatic
systems.

Although it would be plausible to expect that recent fires
would be the major factor driving the export of DPyC from
land to aquatic systems, recent studies do not support this
hypothesis (Dittmar et al., 2012; Ding et al., 2013; Myers-Pigg
et al., 2015; Wagner et al., 2015). For example, there was no
correlation between DPyC concentrations in streams and fire
frequency in the grassland ecosystemwatersheds in Kansas (Ding
et al., 2013). In another study, DPyC fluxes in burned watersheds
were not greater than those in unburned sites when measured
1 year after a wildfire event in Colorado (Wagner et al., 2015).
The difficulty in linking DPyC with fire events in watersheds
suggests that other variables interact to drive the transport of
DPyC from soils to fluvial systems, including fire characteristics
(i.e., size, severity, and intensity), soil physical and chemical
properties, landscape geomorphology, ecosystem type, the time
elapsed since the fire event, and hydrology (Cotrufo et al.,
2016; Reisser et al., 2016). Despite evidence for the uncoupled
relationship between DPyC in rivers and forest fires, no study
has yet investigated the direct impact of a single fire event on
DPyC leached from different soil horizons in temperate forest
ecosystems.

The concentration of DPyC in soil solution percolating
through the soil system could be influenced by the amount
of PyC stored in organic horizons and formation of chemical
associations with reactive minerals in subsoils. In forest soils,
organic horizons are the major source of DOC moving
downward to lower soil depths, where part of the DOC pool can
be retained due to its chemical associations with mineral surfaces
(Kaiser and Guggenberger, 2000; Kalbitz et al., 2000; Kleber
et al., 2015). Whether PyC stocks in topsoil (above 30 cm depth)
influences DPyC concentrations in forest soils impacted by a
historic fire remains largely unknown, but could provide insights
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on the mechanisms driving the vertical downward mobilization
of DPyC.

Here, we investigated how a historical fire in the Upper
Peninsula of Michigan (USA) influenced stocks of PyC and its
downward movement through the soil profile as DPyC. In this
study, we report PyC stocks in the area of the Upper Peninsula
of Michigan that either burned, or did not burn, in the extensive
post-logging fires associated with Euro-American settlement of
this region in the late nineteenth century (Whitney, 1987).
Additionally, we explored the relative importance of charcoal
stocks on the fluxes of DPyC leached from soils by taking
advantage of the experimental sites mentioned above. These site
characteristics present unique opportunities to: (1) quantify the
stocks of PyC, as well as concentrations of DPyC leached through
different soil horizons and (2) determine whether soils with a
charcoal layer >100 years old would (a) result in higher PyC
stocks in both organic and mineral soils; and (b) release more
DPyC into soil leachates than forest soils that had not burned for
at least the past 250 years. We hypothesized that PyC stocks and
DPyC concentrations would be greater in sites with a history of
more recent fire (hereafter referred to as 100 year-burned sites),
compared to sites that have remained unburned for at least two
centuries (hereafter referred to as unburned sites).

MATERIALS AND METHODS

Field Sites and Experimental Design
Our study was located in the eastern Upper Peninsula of
Michigan (USA, 46◦19′N, 85◦02′W, Figure 1A), in adjacent areas
representing two contrasting forest cover types: red pine (Pinus
resinosa) forests planted in the 1930s, and naturally regenerated
(i.e., unplanted) sugar-maple (Acer saccharum) forests. The study
area has been described in detail by Schaetzl and Rothstein
(2016). General Land Office (GLO) survey data from 1850 show
that pre-settlement vegetation of all our study sites consisted
of mature beech (Fagus grandifolia)—sugar maple—hemlock
(Tsuga canadensis) forest, which was harvested during the late
nineteenth to early twentieth century (Comer et al., 1995). GLO
survey records of the same area from 1938, together with the
presence of a distinct charcoal layer (<0.5 cm thick) in the red
pine forest sites, clearly indicate that areas planted to red pine
in the 1930s experienced severe slash fires during the logging
era, prior to the establishment of the red pine plantations. In
contrast, there is no visible charcoal in the sugar maple sites, and
no indication of burning in the GLO records for at least the past
250 years. Thus, we highlight that these two different forest types
(planted and unplanted) developed after the time of these major
disturbances. Three distinct stands were selected for each forest
type. In this paper, we refer to red pine and sugar maple sites
as “100 year-burned” and “unburned,” respectively. The sites are
characterized by a mean annual temperature and precipitation of
4.7◦C and 812mm, respectively. The soils are strongly developed,
well-drained spodosols, developed on deep outwash sands and
classified as sandy, isotic, frigid Typic Haplorthods (Schaetzl
et al., 2015; Schaetzl and Rothstein, 2016). Pictures of the
vertical soil profiles typically found in the sites are shown in
Figures 1B,C.

PyC Measurements
PyC in Organic and Mineral Soils
Zero-tension lysimeters (ZTLs) were installed underneath each
soil horizon (O, E, and B), as described in Schaetzl and Rothstein
(2016). Organic (Oi and Oe) and mineral (E and B) soil horizons
overlying the ZTLs were sampled from nine pits per forest type,
totaling 18 pits. Organic horizons were collected within a 930
cm2 diameter sampling frame. All soil samples were air-dried,
and mineral soils were sieved to 2-mm particle-size. Prior to
analyses, samples were dried to constant mass at 60◦C and ball
milled. Total C content was determined by dry combustion using
an elemental analyzer (Costech Analytical Technologies, Inc.,
Valencia, CA).

To examine changes in PyC stocks in soils with depth, PyC in
soil horizons overlying and underneath the ZTLs was measured
using a thermo-chemical digestion method (Kurth, MacKenzie
and DeLuca, KMD) described by Kurth et al. (2006) and later
modified for organic samples (Maestrini and Miesel, 2016).
Briefly, 1 g of soil along with 10mL of 1M nitric acid and
20mL of 30% hydrogen peroxide were added to glass tubes and
digested in an aluminum block heater at 100◦C for 16 h. For
organic samples, pulverized quartz sand was mixed with the
sample to achieve a 10% mass ratio (Maestrini and Miesel, 2016).
After the digestion, the samples were cooled and vacuum-filtered
through glass funnels lined with pre-weighed Whatman filter
paper (grade 2) to recover the post-digested fine soil material.
Filters with digested materials were dried at 60◦C for 24 h and
weighed to determine dry mass. The digested materials were
separated from the filters and re-homogenized prior to analyzing
for total C by dry combustion. PyC was assumed to comprise
the total OC in the digested material, although we acknowledge
that the KMD method can overestimate PyC in non-pyrolyzed
organic samples by ∼5% (Maestrini and Miesel, 2016). We used
PyC concentration (Table S1), litter mass, and sampling area data
to calculate PyC stocks (gm−2) in theO horizon. In the unburned
site, one of the Oe horizons was not measured for PyC (missing
sample). Additionally, in most cases PyC in BC horizons was not
reported due to low C detection. To calculate stocks (g PyC m−2)
in the mineral horizon, we used PyC concentration, bulk density,
and thickness of the soil horizon. In the 100 year-burned site,
one sample from the E horizon was identified as an outlier and
removed from the analysis. Because lysimeters were specifically
placed underneath the upper B horizon, we report soil PyC stocks
for both upper and lower B horizons in the two sites.

To provide information on the quality of PyC in Oi and Oe
horizons, which we assume to be the main sources of DPyC
entering in the soil system, we limited our sample size to
three pits per forest type (totaling 6 pits). We used benzene
polycarboxylic acids (BPCAs) as specific markers for PyC as
described by Wiedemeier et al. (2013), and used the equivalent
of 0.5 mg OC per sample as recommended by Kappenberg et al.
(2016). Briefly, the ball-milled sample was digested at 170◦C
under pressure for 8 h in 70% nitric acid. The digested solution
was filtered and phthalic acid was added to the solution as
an internal check standard. The filtrate was cleaned in cation
exchange resins, freeze-dried and subsequently redissolved in
HPLC-grade water. These clean-up steps are required to remove
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FIGURE 1 | Map showing the location of the sites in the eastern Upper Peninsula of Michigan (USA), (A) and schematic figures of soil vertical profiles typically found in

100-year burned (B) and unburned sites (C). Spodic horizons: Bs, sesquioxides of Al and Fe; and Bhs, mixture of Bs and Bh (organic matter accumulation).

metals and other interfering compounds from soil-derived
BPCAs prior to analysis (Wiedemeier et al., 2013). The cation
exchange procedure results in very small losses of BPCAs which
do not impact overall data trends (Wiedemeier et al., 2013).
Individual BPCAs were separated from the redissolved solution
using a reversed stationary phase column using standard gradient
conditions and quantified using multiple-point calibration with
external standard solutions of BPCAs. PyC contents in these
samples are reported as a sum of individual BPCA monomers
(B6CA, B5CA, B4CA, and B3CA), each representing a BPCA
with a particular number of carboxylic groups (e.g., B3CA
represents BPCA with three carboxylic groups). The relative
proportion of each individual BPCA reflects the level of PyC
aromatic condensation, which mirrors the size of the original
polycyclic structures (Schmidt et al., 2017). The amount of PyC
as BPCAs in those soils (Table S2), as well as the distribution of
each individual BPCA in soil PyC (Figure S1) are reported in the
Supplemental Material.

PyC in Soil Solution
On April 28th, 2014, we sampled soil solution from three
stands per forest type, within an area of approximately 17
km2. Leachates drained from the O, E, and B horizons were
collected in pre-cleaned bottles and stored at −20◦C until
further analysis. Although the entire site had 54 ZTLs installed,
we collected soil leachates from 18 ZTLs that had not been
affected by a manipulation experiment out of the scope of

this study. The concentration of dissolved organic C (DOC,
mg L−1) was measured on a TOC-Vcpn analyzer (Shimadzu
Corp., Kyoto, Japan). PyC in leachate was measured using the
BPCA method (Dittmar, 2008; Ding et al., 2013), which may
slightly overestimate DPyC (Wagner et al., 2017). Here, we
report DPyC data in O and E horizons for both 100 year-
burned and unburned sites. Due to lack of replication, we
only report DPyC data in the B horizon for the 100 year-
burned site. Briefly, we filtered leachates through pre-combusted
(450◦C, 5 h) fiberglass filters (Whatman GF/F 0.7µm pore size)
and extracted dissolved organic matter (DOM) by solid-phase
extraction (SPE, 5 g Bond Elut PPL, Agilent, Dittmar, 2008;
Dittmar et al., 2008) by passing samples through pre-rinsed (with
MeOH) SPE cartridges. The cartridges were dried under N2,
after which DOM was eluted with 20mL MeOH. Aliquots of the
MeOH-extracted DOM were transferred to 2mL glass ampules
and dried under N2 until MeOH was completely evaporated.
Each ampule received 0.5mL of concentrated HNO3 and was
then flame-sealed. DOM was oxidized at 160◦C for 6 h (Ding
et al., 2013). Since BPCA oxidation conditions were optimized
in each laboratory to maximize the greatest percent carbon
recovery, oxidation times and temperatures are different for
the analysis of DPyC (at Florida International University) and
soil PyC (at Colorado State University). After oxidation, the
concentrated HNO3 was dried under N2 at 50◦C. The solid
residue remaining in the ampules was re-dissolved in mobile
phase for high pressure liquid chromatography (HPLC) analysis
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of BPCAs (Dittmar, 2008) using an HPLC system coupled with a
diode array detector (Surveyor, Thermo Scientific) and a Sunfire
C18 reversed phase column (3.5µm, 2.1 × 150mm; Waters
Corporation). BPCAs generated from DPyC were separated and
quantified using a gradient elution method with a mobile phase
A (4mM tetrabutylammonium bromide, 50mM sodium acetate,
10% MeOH) and mobile phase B (100% MeOH) (Dittmar,
2008). Non-pyrogenic organic materials do not produce BPCAs
following the procedure described in the current study (Dittmar,
2008; Kappenberg et al., 2016), therefore we presume the DPyC
reported in our study to be fire-derived. To calculate flux (gm−2),
DPyC concentration (mg L−1) wasmultiplied by the total volume
per unit area (Lm−2) of leachate collected in one single snowmelt
event (Figures 3A,B). The distribution of each individual BPCA
in DPyC (Figure S2) is reported in the Supplemental Material.

Statistical Analyses
Data were transformed (log10) to normality and homogeneity
of variance when necessary, and outliers were identified
using Grubb’s test. Comparisons between 100 year-burned and
unburned sites for DPyC concentrations and fluxes, as well as
PyC stocks in soils were performed using t-test at p < 0.05
significance level. Analyses were conducted using SigmaPlot
v.12 (Systat Software, Inc., Chicago, IL), SPSS v.24 (IBM SPSS
statistics for Windows), and software R 3.4.0 (R Development
Core Team; http://www.R-project.org/).

RESULTS

PyC Stocks in 100 Year-Burned and
Unburned Sites
One hundred year-burned sites had significantly greater PyC
stocks in the Oi (17.0 ± 2.1 g m−2) and Oe (39.8 ± 6.1 g m−2)
horizons compared to unburned sites (Oi: 9.7 ± 0.8 g m−2, Oe:
17.0 ± 0.8 g m−2, P < 0.01, Figure 2). In the 100 year-burned
site, PyC stocks were significantly greater in the Oe horizon
(39.8 ± 6.1 g m−2) than in Oi horizon (17.0 ± 2.1 g m−2, P
= 0.002, Figure 2). In E and B horizons, total stocks averaged
83.8 ± 6.7 and 400 ± 33 g m−2, respectively, across both sites.
Differences in mineral soil PyC stocks between the two sites were
not statistically significant (P = 0.296 and 0.364 for E and B
horizon, respectively), even though the average PyC stocks in E
and B soil horizons were greater in the 100 year-burned site than
in the unburned site (Figure 2).

Dissolved PyC Leached from Organic and
Mineral Soil Horizons
DPyC concentrations averaged 0.75 ± 0.13 and 1.24 ± 0.33
mg L−1 in 100 year-burned and unburned sites, respectively;
however, there was no statistically significant difference between
100 year-burned and unburned sites (Figure 3A). Differences
between horizons were only statistically significant between E
and B horizons in the 100 year-burned site, with the E horizon
yielding greater DPyC concentrations than the B horizon (P =

0.013, Figure 3A). In both sites, DPyC fluxes averaged 0.081
± 0.032 and 0.052 ± 0.020 g m−2 in the O and E horizons,
respectively (Figure 3B). For flux values, we found no significant

difference between E and B horizons in the 100 year-burned
site. Differences in DPyC fluxes and proportion of DPyC in
DOC leached from O and E horizons between 100 year-burned
and unburned sites were not statistically significant; however, we
noted that the proportion of DPyC in DOC in E horizon was
slightly higher in the 100 year-burned site than in unburned
site and this difference was marginally significant (Figure 3C,
P = 0.057).

DISCUSSION

Our results provided evidence for a persistence of PyC input in
soils caused by a single fire event in the 100 year-burned red pine
sites. The PyC stocks measured in the O horizons were within the
range of those reported for a conifer forest soil sampled 1 year
after burning (Pingree et al., 2012), but lower than those reported
for unburned sites in subalpine forest soil in Colorado (Buma
et al., 2014). PyC stocks reported in this study are also lower
than those reported for southern boreal forest soils in Minnesota
sampled 1–2 months after burning and measured using solid-
state 13CNMR (Miesel et al., 2015). Although the study byMiesel
et al. (2015) used a different technique tomeasure soil PyC stocks,
making direct comparisons of soil PyC stocks difficult, this is the
only publication that reports PyC stock data for soils within the
same region as our study site. PyC stocks presented here for E
horizons are lower than those reported for the top 30 cm of sandy
podzols (which included both Ae and B horizons) under a black
spruce forest (Soucémarianadin et al., 2014) and the uppermost
10 cm of a subalpine (Buma et al., 2014) and a southern boreal
forest soil (Miesel et al., 2015). PyC stocksmeasured for B horizon
in our study were 3.1- to 3.5-fold greater than those reported
by Soucémarianadin et al. (2014) 3–5 years after the fire. It is
possible that (1) these stocks in the B horizons result from great
amounts of PyC generated immediately after fire in the 100-year
burned site, and that (2) that particulate PyC vertically moved
to lower soil dephs via translocation over time (Dai et al., 2005;
Leifeld et al., 2007; Koele et al., 2017). Further studies are needed
to determine the major factors driving the stocks and transport
rates of PyC to lower soil depths. Currently, little PyC stock data
exists for B horizons in forest soils (Bird et al., 2015). As such, our
study contributes to the fill this gap in PyC literature by providing
a complete PyC stock dataset for a temperate forest soil.

Because our data show that a single fire event that occurred
>100 years prior to sample collection significantly increased
PyC stocks in organic horizons, we expected the increased soil
PyC content to translate to higher concentrations and fluxes of
DPyC in melt waters leached from the same fire-impacted soils.
However, contrary to our hypothesis, concentrations and fluxes
of DPyC mobilized from the O and E horizons did not reflect
differences in fire recent history between the two sites studied
here, even though a visible PyC layer was retained in the 100 year-
burned site soils for approximately 100 years, and as evidenced
by greater PyC stocks in the Oe horizon of the 100 year-burned
site relative to the unburned site (Figure 2). The contribution
of DPyC to total DOC reported in this study was much greater
(from 1.77 to 5.51% across sites) than that reported for DPyC
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FIGURE 2 | Pyrogenic carbon (PyC) stocks (g m−2 ) in organic (Oi and Oe) and mineral horizons E and B in burned and unburned sites, determined by the KMD

method. Values shown are means ± standard error. Similar letters denote no statistically significant differences (P < 0.05). Number of replicates: Oi-Burned and

-Unburned (n = 9), Oe-Burned and -Unburned (n = 8), E-Burned (n = 8), and -Unburned (n = 9), UpperB-Burned and -Unburned (n = 9), and LowerB-Burned and

-Unburned (n = 9).

FIGURE 3 | Box-plot of DPyC concentration (A, mg L−1), flux (B, g m−2), and proportion of DPyC in total DOC (C, %) in soil solution drained from the O, E, and B

horizons in burned sites and from the O and E horizons in unburned sites. DPyC was determined by the BPCA-DOC method. BPCA-based DPyC data for the B

horizon in unburned sites are missing in (A–C) due to lack of replication. Dark circles are individual data points. Statistically significant differences in (A) between E and

B horizons in burned sites (P = 0.013).

leached from the first 15 cm (0.02%) and 30 cm (0.017%) depths
of a savanna oxisol 2 years after PyC application as charcoal
(Major et al., 2010). We speculate that these differences are likely
due to the timing of the leachate sampling, soil properties, and the
physicochemical characteristics of PyC. Interestingly, our values
are within the observed range of % DPyC reported in riverine
systems (from 0.1 to 17.5%, Jaffé et al. (2013)).

We offer two explanations for the apparent uncoupling
between DPyC concentrations and the abundance of PyC
produced in the logging-era fire: First, DPyC concentrations and
fluxes were likely influenced by the time and duration of our
single sampling event, as soil leachates were sampled at a time

when snowmelt occurred earlier at the unburned site because
of the absence of leaves in the deciduous-dominated forest. As
a result, more melt water moved through the unburned sites
compared to the 100 year-burned sites. It is also possible that
we may have missed the peak flux of DPyC associated with
spring snowmelt. In-stream concentrations of DPyC can vary
significantly with discharge in response to spring snow melt,
likely driven by variations in hydrological flow paths which
connect different soil horizons to the stream (Guggenberger et al.,
2008; Stubbins et al., 2015; Wagner et al., 2015). Therefore,
concentrations of DPyC mobilized from different soil horizons
likely also undergo similar hysteresis patterns during a flushing
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event. Although capturing variations in DPyC concentrations
leached from each soil horizon over the entire duration of
spring snow melt at these sites was outside the scope of the
current study, our results highlight the importance of closing
this knowledge gap in future research endeavors. Second, it is
possible that much of the easily-mobilized forms of PyC were
lost to leaching during the first stages of PyC decomposition in
soils (Hammes et al., 2008). As such, we may have missed the
initial pulse of DPyC derived from fresh charcoal deposited in
soils immediately after the original burn event some 100 years
prior. Since soil DPyC did not vary predictably between 100 year-
burned and unburned sites, this observation is in agreement with
previous suggestions (Dittmar et al., 2012; Ding et al., 2013), that
concentrations of DPyC alone may not be a suitable proxy for the
occurrence of historic fire events.

In the current study, B soil horizons exhibited greater Fe and
Al oxide contents compared to the E soil horizons (Schaetzl
and Rothstein, 2016). PyC has been shown to interact with, and
possibly bind to, Fe and Al hydroxides (Brodowski et al., 2005;
Santos et al., 2012; Solomon et al., 2012; Soucémarianadin et al.,
2014). Therefore, the Fe and Al concentrations in the B soil
horizons likely influenced the amount of soil PyC stored in those
horizons, consistent with previous studies (see above). It is also
possible that DPyC was in part retained in the B horizons via
sorption to Fe and Al hydroxides, as concentrations decreased
significantly from the E to the B horizons for DPyC measured
in soil solutions leached from 100 year-burned site soils. This
sharp decrease in DPyC concentrations has been also observed
by previous studies for DOC (Kaiser and Guggenberger, 2000).
Taken together, our observations are consistent with previous
studies that propose mineral adsorption as a stabilization
mechanism for PyC (Czimczik and Masiello, 2007; Cusack et al.,
2012).

Although further studies are needed to determine the
mechanisms driving this relationship, we found similarities in
the relative proportion of BPCAs between DPyC in soil solution
leached from the O and E horizons (Figure S2) and in the soluble
fraction of aged charcoal leached in laboratory (Abiven et al.,
2011). This finding suggests that DPyC released from spodosols
is influenced by aging and oxidation of soil PyC remaining
in soil on a timescale of 100 years, which is also consistent
with previous observations of PyC-like compounds in leachates
sampled from a spodosol affected by a historic fire in northern
Michigan (Hockaday et al., 2006).

It is possible that atmospheric PyC deposition from recent
and historical fire events also contributed to: (a) the amount of
PyC observed in the forest floor of both forest cover types, and
(b) the concentration of DPyC in soil solution. Although annual
PyC deposition fluxes (19.3–24.4 mg m−2 year−1) estimated for
a single site in northern Michigan were considered small relative
to soil PyC stock estimated for that site, these flux estimations did
not take into account wet deposition of PyC during wintertime
(Santos et al., 2014). A significant proportion of atmospheric
PyC can be deposited onto snow during the winter and released
during snowmelt (Lazarcik et al., 2017), becoming part of the soil
DOC pool. For instance, results from a study conducted in New
Hampshire, US, reported up to 62% losses of atmospheric PyC

from snowpack within the first 24% of the snowmelt (Lazarcik
et al., 2017). Over time, some of this atmospheric PyC could
have migrated vertically to lower soil depths, becoming either
retained in mineral soils or part of the DPyC pool. Thus, it
may be possible that a proportion of the DPyC we observed in
this study was derived from a pulse of atmospheric PyC that
percolated into the soil with snowmelt, especially in the unburned
site. Because wet deposition can be a significant source of DOC in
watersheds, with annual wet deposition of DOC ranging between
3 and 13 kg C ha−1 year−1 (Iavorivska et al., 2017), the role of
atmospheric deposition as an input of DPyC mobilized in soils
warrants further research.

We cannot exclude the possibility that an ancient forest fire
event (>250 years ago) may have contributed to the PyC and
DPyC values we reported for the unburned sites. This would
be consistent with observations of a continuous, long-term
release of DPyC resulting from the degradation of historically
accumulated PyC (Dittmar et al., 2012; Marques et al., 2017).

Finally, we acknowledge the limitations of this study, which
prevents us from extrapolating current results to different field
conditions. Due to budget limitations, the DPyC data reported
here was collected from a single sampling date during spring
snowmelt at our study site; therefore, variability in DPyC
fluxes from different soil horizons across larger spatial and
temporal scales between these contrasting forest types is still
not understood. Future studies should focus on the collection
of soil water samples at different times of the year and under
different flow regimes to provide a more comprehensive dataset
across which mobilization of DPyC from 100 year-burned and
unburned landscapes can be robustly compared.

CONCLUSION

This study provides a preliminary look at the relationship
between PyC stored in soils and the soluble fraction of DPyC,
which is mobilized from different soil horizons during flushing
events. Our results suggest that a single major fire event that
occurred >100 years ago, which generated a substantial visible
charcoal layer in the Oe horizon, had little to no detectable
effect on concentrations of DPyC leached from soils relative to
soils that have not experienced a similar fire event for the past
250 years. Based on the results of this study, we recommend
three research directions that should be further explored to close
critical knowledge gaps in our understanding of the PyC cycle
this and similar systems: (1) dominant processes that constrain
the links between soil PyC and DPyC; (2) the role of biotic and
abiotic processes in facilitating the mobilization of PyC to lower
soil depths; (3) the contribution of reactive Al and Fe oxides and
oxyhydroxides in the retention of DPyC in subsoils.
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