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Abstract Recent patterns of prolonged regional drought in southern boreal forests of the Great Lakes
region, USA, suggest that the ecological effects of disturbance by wildfire may become increasingly
severe. Losses of forest soil organic matter (SOM) during fire can limit soil nutrient availability and forest
regeneration. These processes are also influenced by the composition of postfire SOM. We sampled the
forest floor layer (i.e., full organic horizon) and 0-10 cm mineral soil from stands dominated by coniferous (Pinus
banksiana Lamb.) or deciduous (Populus tremuloides Michx.) species 1-2 months after the 2011 Pagami Creek
wildfire in northern Minnesota. We used solid-state '*C NMR to characterize SOM composition across a gradient
of fire severity in both forest cover types. SOM composition was affected by fire, even when no statistically
significant losses of total C stocks were evident. The most pronounced differences in SOM composition
between burned and unburned reference areas occurred in the forest floor for both cover types. Carbohydrate
stocks in forest floor and mineral horizons decreased with severity level in both cover types, whereas pyrogenic
C stocks increased with severity in the coniferous forest floor and decreased in only the highest severity level in
the deciduous forest floor. Loss of carbohydrate and lignin pools contributed to a decreased SOM stability index
and increased decomposition index. Our results suggest that increases in fire severity expected to occur under
future climate scenarios may lead to changes in SOM composition and dynamics with consequences for
postfire forest recovery and C uptake.

1. Introduction

Fire is a key ecological driver in ecosystems across the globe [Bond and Keeley, 2005]. Future climate scenarios
predict that fire occurrence, severity, and area burned will increase due to rising regional to global
temperatures and greater incidence of drought [de Groot et al., 2013; Flannigan et al., 2009a, 2009b], with
accompanying increases in C emissions from fire [de Groot et al.,, 2013]. Northern latitudes are expected to
experience the greatest temperature increases [IPCC, 2007] as well as the greatest increases in fire season
length and severity [Flannigan et al., 2013].

Changes to fire regimes (characteristic patterns of fire frequency, intensity, severity, size, and season)
[Heinselman, 1981], whether caused by shifts in climate or by past forest management practices, have the
potential to fundamentally alter forest C dynamics relative to historic conditions by disrupting successional
patterns, plant species composition [Bond-Lamberty et al., 2007; Franklin et al., 2005; Scheller et al., 2005],
and ecosystem processes [Liu et al, 2011; Turner, 2010]. An assessment of fire effects on forest C in the
western United States showed that high-severity fire causes greater tree mortality, fuel consumption, and
C emissions than low-severity fire [Ghimire et al., 2012]. Knowledge about the ways that changes in fire
regimes will affect the composition and turnover of soil organic matter (SOM) is much more limited,
although there has been growing interest in understanding relationships between fire and soil C, and the
impacts of heating on organic matter composition [see reviews by Certini, 2005; Gonzalez-Perez et al., 2004;
Knicker, 2007, and references therein]. To date, relatively few publications have reported within-fire
comparisons of fire severity on SOM composition and dynamics. This topic represents a critical knowledge
gap because SOM plays an important role in postfire forest C dynamics by influencing nutrient cycling,
short- and long-term nutrient availability, C feedbacks to the atmosphere, and ultimately C uptake by a
recovering forest.
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The magnitude of fire impacts on an ecosystem is a function of fire temperature and rate of spread, which in
turn are influenced by topography (such as slope and aspect), weather (such as air temperature, relative
humidity, and drought condition), and fuel characteristics (such as type, mass, spatial arrangement, and
moisture content) [Keeley, 2009]. Considerable variation in the magnitude of impact may occur within
individual wildfires. Interest in accounting for the heterogeneity in fire effects has been increasing, with
recent publications addressing heterogeneity of ecosystem components in a southern mixed
pine/hardwood forest [Brown et al., 2014], of charcoal content in mixed conifer forest [Heckman et al.,
2013], and of total soil C and N in mature Douglas fir (Pseudotsuga menziesii var. menziesii (Mirb.) Franco)
forest [Homann et al., 2011]. However, the metrics used to classify fire severity to date have not been
consistent across ecosystem types, forest strata, and disciplines [see Ghimire et al., 2012; Jain et al., 2012,
and references therein]. Accounting for the heterogeneity of fire effects within fires will be important for
understanding relative differences in fire effects across fire severities and for anticipating the magnitude
and scale of effects under predicted increases in future fire severity. In addition to impacts on soil C
content, increases in fire severity will have implications for soil SOM composition and C cycling in forests
after fire.

Interest in characterizing the composition of soil organic matter has also increased in recent years as the
limitations of current ecosystem C models have become more apparent. In general, fire increases the
compositional heterogeneity of SOM and the stability of soil C by producing polyaromatic biopolymers
during charring (i.e,, smoldering combustion, or heating with limited to no oxygen availability) [Knicker,
2007]. These polyaromatic structures are broadly termed “pyrogenic” C (PyC) and are considered to be
more resistant to microbial decomposition and thus contribute to longer SOM mean residence times
relative to SOM unaltered by fire [Lehmann et al., 2006; Schmidt et al., 2011]. However, the limited data
that exist for PyC formation and cycling as well as the large variability in PyC concentrations and
environmental conditions in natural systems [DeLuca and Aplet, 2008; Kasin and Ohlson, 2013; Lehmann
et al.,, 2011; Masiello, 2004; Preston, 2009] contribute to only rudimentary representation in ecosystem C
models [Liu et al., 2011]. Failure to incorporate the influence of specific SOM components such as PyC in
C models may limit model accuracy and predictive ability [Deluca and Boisvenue, 2012; Lehmann et al.,
2008; Woolf and Lehmann, 2012]. However, the factors that drive PyC formation and function in natural
settings remain difficult to characterize.

Linking fire effects to changes in SOM abundance and composition is needed to improve predictions of
ecosystem C cycle response to changing fire regimes [Schmidt et al, 2011; Todd-Brown et al., 2013].
Previous evaluations of differences in fire effects due to fire severity or intensity have compared fire effects
between forest types [van Bellen et al., 2010] or between wildfire sites [Knicker et al., 2006]. Interest in
understanding the factors that influence soil black C (i.e., pyrogenic organic matter, char, and charcoal) has
been increasing in recent years. For example, a study in a mixed conifer forest in Oregon, USA, evaluated
differences in soil C conversion to charcoal among C pools, using fire severity categories determined by
percent survival of aboveground vegetation [Heckman et al., 2013]. An earlier study at the same site found
that soil C and N losses were greater in areas burned at high severity than those burned at moderate to
low severity, using severity categories determined from overstory tree mortality and lidar-estimated
canopy mortality [Homann et al., 2011]. Few publications to date have made use of natural variability in
severity within a site for the purpose of studying severity-induced changes in the chemical composition of
the SOM.

The 2011 Pagami Creek wildfire in northern Minnesota, USA, provided an ideal opportunity to evaluate fire
effects on forest SOM composition across a gradient of fire severity, for two forest cover types that are
common in the southern boreal forest. Our overarching objective is to evaluate how shifts in fire severity
will influence the content and composition of belowground forest C. Here we address three research
questions. How does postfire SOM composition vary (1) along a gradient of fire severity, (2) between
contrasting prefire forest cover types, and (3) between the forest floor layer (i.e., organic horizon) and the
upper mineral soil? These data are relevant for understanding the spatial heterogeneity of within-fire
effects on ecosystem properties, and for anticipating longer-term impacts on SOM cycling and C flux to
the atmosphere. This study is the first to our knowledge to evaluate within-fire differences in fire severity
effects on SOM for two stand types with contrasting prefire species composition.
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Figure 1. Map of the Pagami Creek wildfire perimeter. Inset shows location in northern Minnesota, USA. Filled stars indicate
coniferous plots, and open stars indicate deciduous plots.

2. Methods
2.1. Study Site

The Pagami Creek wildfire occurred in the Boundary Waters Canoe Area Wilderness (BWCAW) in northern
Minnesota, USA (Figure 1), as a result of a lightning strike on 18 August 2011. The Pagami Creek fire
burned a total of 37,000 ha between 18 August and 22 October and was the largest wildfire in Minnesota
since 1918. The landscape supports a complex matrix of lakes, wetlands, and upland coniferous and
deciduous forests in which fire is a key natural disturbance. The BWCAW is a unique study site in that it
has a well-documented fire history with identified stand origin dates as early as 1595 CE. During the
presettlement period (1727-1868), fires in the BWCAW occurred on average at 4.3 year intervals, and major
fires (i.e, fires that burned >259km?) occurred at 28year intervals. The average interval between fires
increased to 6.1years for the 1911-1972 time period, during which no major fires were recorded
[Heinselman, 1996]. The change in fire occurrence corresponds to widespread implementation of U.S. fire
suppression policies that began in the early 20th century soon after the establishment of the U.S. Forest
Service; these policies mandated the “protection from forest fires” as “the first measure necessary for the
successful practice of forestry” [Muir, 1941; Pyne, 1982]. Fire suppression in the Superior National Forest
began in 1910; prior to this time period, the BWCAW experienced fires even in years that were not
characterized by regional drought [Heinselman, 1996]. Mean temperatures for the area are —8°C for
January and 17°C for July, with 71 cm of mean annual precipitation. Soils in this area are poorly developed
and are derived primarily from glacial till and outwash from the Wisconsin glacial period. Upland soils are
entisols classified as well-drained, shallow (20-50 cm) gravelly coarse sandy loam over bedrock (Quetico
(Lithic Udorthents) and Insula (Lithic Dystrudepts) series) or moderately deep (50-100 cm) gravelly sandy
loam over bedrock (Conic (Typic Dystrudepts) and Wahlsten (Oxyaquic Dystrudepts) series) (J. Barott, Soil
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Table 1. Summary of Key Characteristics Used to Determine Fire Severity Level and Number of Coniferous and Deciduous
Plots Used for Soil Organic Matter (SOM) Characterization in This Study®

Plots (n)

Severity Index Severity Description Coniferous Deciduous

Unburned
Lightly burned; surface organic matter >85% present
Moderately burned; surface organic matter 40-85% present
Severely burned; surface organic matter <40% present
Severely burned; little to no surface organic matter present

A wWN-—=O
— N O =N

1
1
1
0
1

Soil-level fire severity classification followed Jain et al. [2012]. Samples used for SOM characterization were compo-
sites of samples from three subplots per plot for the forest floor layer and (separately) for the 0-10 cm mineral soil.

Scientist, USFS Superior National Forest, personal communication). A more detailed description of the study
site and the Pagami Creek wildfire has been presented previously [Kolka et al., 2014].

2.2. Experimental Design and Soil Sampling

As part of the larger investigation [Kolka et al., 2014], we used knowledge of prefire vegetation [Wolter and
Townsend, 2011; Wolter et al., 2009] and remotely sensed estimates of fire severity (relative differenced
normalized burn ratio) [Miller et al., 2009] to establish a series of transects and plots to capture gradients in
expected fire severity. However, fire severity was assessed in the field (see details below), and these field-
based severity estimates were used to designate the classifications we report in this study. Our plot design
was similar to that of the U.S. Forest Service’s Forest Inventory and Analysis (FIA) program [FIA, 2011, 2012].
All areas sampled in this study were located in naturally regenerated forest that had originated after
wildfire between 101 and 147 years before the 2011 Pagami Creek fire (Heinselman [1996] and Fire History
database available from Superior National Forest, Ely, WI) (Table S1 in the supporting information).

Here we present results from samples of the forest floor layer and mineral soil (0-10cm) collected within
1-2months (October-November 2011) after fire, immediately before winter snowfall began, and from
samples from supplemental plots established in the spring of 2012 immediately following snowmelt. We
established the supplemental plots in spring because the onset of winter terminated field sampling in the
autumn after the fire. The supplemental plots were established as part of the original, larger investigation
to increase the number of unburned reference sites within the fire perimeter. Snowmelt is unlikely to
affect soil organic matter content in unburned areas at this site because the area lacks steep topography
and surface material is not eroded during spring runoff. Across all severity levels, we installed 123 plots in
upland forest types over the first year following fire. We assessed forest type in each plot based on a visual
assessment of trees that remained standing after the fire and those that had likely fallen during or after
the fire. For the present analysis, we selected upland plots that were dominated by jack pine (hereafter
coniferous) or aspen (Populus tremuloides Michx., hereafter deciduous).

We assessed the postfire environment using a fire severity indicator for each plot in the field at three 10 m?
circular subplots per plot by establishing one subplot at 6.5m from the plot center along each of three
transects orientated 0° (north), 120°, and 240° from the plot center. Fire severity assessments followed a
detailed postfire soil classification protocol established from a synthesis of literature reporting fire effects
on soil and vegetation [Jain and Graham, 2007; Jain et al., 2012]. This method classifies fire severity based
on the surface cover of the forest floor layer remaining and the oxidation level (indicated by soil color) of
the mineral soil. We estimated the percent cover of the residual forest floor layer and mineral soil color, on
each subplot, and aggregated across subplots to develop a plot-level fire severity estimate. We compared
severity levels using the main categories only. Main fire severity categories determined using soil-level
characteristics are given in Table 1.

We collected forest floor and mineral soil samples near each subplot described above, at 3.7 m from the plot
center along the same azimuths used to assess soil-level fire severity. We collected the full forest floor layer
within a 30 cm diameter sampling frame, and we used a 5 cm inner diameter hammer-driven bulk density
corer to sample the 0-10cm mineral soil layer within the sampling frame, unless we encountered a
limiting layer such as bedrock at <10cm depth. All 0-10cm mineral soil samples collected for this study
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consisted of a full 10 cm core: if we encountered a limiting layer or large rocks at <10 cm depth, we collected
the mineral soil sample at a distance of <0.5m from the forest floor layer sample location. We froze the
triplicate forest floor layer and mineral soil samples after returning to the laboratory and then aggregated
the triplicate samples into a plot-level sample before drying (65°C for forest floor samples and 105°C for
mineral soil samples) and analysis.

The Pagami Creek fire fortuitously burned over five Forest Inventory and Analysis (FIA) plots that had been
established and measured in 2001-2002 by FIA program personnel [FIA, 2011, 2012]. Although
comparisons of prefire and postfire data are rare for wildfire sites, the preexisting soil data from these FIA
plots enabled us to evaluate changes in prefire forest C and N concentrations and CN ratio on five
individual plots. We used forest floor and 0-10 cm mineral soil data from the 2001-2002 sampling of these
plots to provide the best available data on prefire forest soil C and N. Because soil C and N concentrations
could vary on annual timescales, we are unable to evaluate what effect, if any, inter-annual variability in C
and N concentrations has on the differences we report between prefire and postfire measurements. All FIA
plots burned by the 2011 fire were classified as severity class 3 or 4, and all supported coniferous forest
cover: four were dominated by jack pine (Pinus banksiana Lamb.), and one was dominated by black spruce
(Picea mariana (Mill.) Britton, Sterns & Poggenb.) and a mixture of other species. Data for the spruce-
dominated plot fell within the range of data from jack pine-dominated plots, and we included this plot to
provide the best available data from the range of prefire conditions. No analogous prefire FIA data exist
for deciduous plots. To evaluate differences in SOM composition across severity levels, we used unburned
plots within or adjacent to the wildfire site as a reference for burned plots, for each forest cover type
(coniferous or deciduous).

2.3. Laboratory Analysis

2.3.1. Combustion Elemental Analysis

We ground forest floor samples in a stainless steel Wiley mill with complete cleaning between samples,
before analysis for total C and N on a LECO Total Elemental Analyzer (St. Joseph, MI). Mineral soil samples
were passed through a 2 mm sieve and pulverized before analysis. We use total C concentrations to report
organic C concentrations because mineral soil samples fumigated with HCl prior to combustion analysis
[Harris et al., 2001] showed a <1% difference in C concentrations between samples before and
after fumigation.

2.3.2. Carbon-13 Nuclear Magnetic Resonance

We characterized SOM in the total remaining postfire forest floor layer, and in the <2mm size fraction in
mineral soil using "C nuclear magnetic resonance ('*C NMR). For NMR analysis, we randomly selected a
subset of available plots from each severity level and forest cover type, using plots for which both forest
floor layer and mineral soil samples existed (Table 1). Iron-rich particles were detected in the forest floor
layer as well as mineral soil samples, so we treated both types of samples four times with 10% HCI/HF
solution [Gelinas et al,, 2001] prior to NMR analysis. The HF treatment improves NMR signal to noise ratio and
quantitation by removing mineral material and paramagnetic iron oxides [Smernik and Oades, 2000a].
Although HF treatment has been reported to cause 7% to 23% loss of initial C content and may cause
changes in composition of polysaccharide and lignin molecules, the treatment does not cause appreciable
changes in bulk SOM composition determined by NMR [Gelinas et al., 2001; Rumpel et al., 2006]. We acquired
NMR data on a 300 MHz Bruker Avance Il spectrometer using a 7 mm magic angle spinning probe. We
packed approximately 250 mg of HF-treated soil (dried and pulverized) into a 7mm zirconia rotor, sealed
with a Kel-F cap. Cross-polarization (CP) and direct polarization (DP) spectra were collected while spinning at
a rate of 5kHz. The direct polarization magic angle spinning (DPMAS) spectra were acquired using a 90°
excitation pulse (75 MHz), followed by a series of four rotor-synchronized 180° pulses for total suppression of
spinning sidebands (TOSS), two-pulse phase-modulated (TPPM) proton decoupling, and a recycle delay of
>100s. The cross-polarization magic angle spinning (CPMAS) spectra were acquired after a 90° 'H pulse, with
spinning sideband suppression (TOSS) and TPPM proton decoupling and a recycle delay of >3s. All pulses
were calibrated and Hartman-Hahn matching conditions were determined using crystalline glycine as an
external standard. The spectra were zero filled and exponentially multiplied, and line broadening was
applied before phasing and baseline correction. We applied 50 Hz line broadening to CPMAS data and 70 Hz
line broadening to DPMAS data. Additionally, DPMAS spectra were background subtracted to remove signals
from carbon-containing components of the probe and rotor [Smernik and Oades, 2001]. We recorded
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between 7200 and 23,000 scans for CPMAS and between 560 and 3450 scans for DPMAS. We then executed an
algorithm to integrate the spectral magnitude in the following frequency ranges: 0-45, 45-60, 60-95, 95-110,
110-145, 145-165, 165-185, and 185-220 ppm.

We used spin counting experiments to evaluate the percentage of soil organic carbon (SOC) observed (Cops)
in our NMR spectra [Smernik and Oades, 2000b] (supporting information). Previous studies have shown that
cross-polarization magic angle spinning (CPMAS) underestimates PyC content in soils because the remote
protonation and rapid T,,H relaxation of charcoal results in low observability (Cops) in CPMAS spectra. In
this study, the CPMAS signal intensities have not been corrected for signal loss due to T;,H relaxation
rates. Therefore, the Cgps values for CP spectra represent a conservative estimate of the SOC observed. The
DPMAS method was used here because it is known to be more reliable in the detection of a wide range of
PyC, from slightly charred material to highly aromatic compounds [Baldock and Smernik, 2002; Kane
et al., 2010].

2.3.3. Molecular Mixing Model

Our use of >*C NMR spectroscopy enables an estimate of fire severity effects on the major components of soil
organic matter: carbohydrates, proteins, lignins, lipids, and charcoal (PyC). The oxidation of organic
compounds during decomposition leads to the formation of carbonyl C (aldehyde, ketone, and acid
functional groups), which is also discernable by '3C NMR. This information provides a valuable indication
of changes to organic matter composition—and potential impacts on organic matter cycling following fire
—across a range of fire severities and two forest types. We input the NMR spectra peak areas into a
molecular mixing model (MMM) [Baldock et al., 2004] to estimate the contribution of PyC and other major
classes of organic compounds relative to total SOC, for CPMAS and DPMAS experiments. The MMM
calculations for N-containing components (protein and PyC) were additionally constrained by the C and N
concentrations measured in each sample after HF treatment. The squares of deviation of NMR peak areas
(measured versus modeled) were used as a means of assessing “goodness of fit.” We accepted the model
results if the sum of squares for these samples was <4% of the total spectral area.

2.4. Calculations and Statistical Approach

The long-term stability of SOM is considered to be an ecosystem property, depending upon the chemical
quality of organic inputs to soil and a multitude of factors affecting soil climate, habitat, and heterotroph
communities [Schmidt et al, 2011]. Although it is beyond the scope of this investigation to provide
predictions of SOM stability, our NMR data are amenable to a proxy-based assessment of the inherent
chemical stability of the SOM and its degree of decomposition. Lignin in our study is estimated from NMR
data and the MMM and refers to the biopolymer produced by higher plants [Baldock et al., 2004] rather
than to acid-insoluble residue (AIR) that has been traditionally referred to as “lignin” [see Marin-Spiotta
et al., 2014, and references therein]. The lignin:N ratio has been widely applied to litter layers and surface
soils as an index of organic matter stability in which higher lignin to nitrogen ratios indicate a potentially
more stable organic matter [Melillo et al., 1989]. Although the index developed by Melillo et al. [1989] was
developed using the traditional understanding of lignin as AIR identified after sequential chemical
fractionation, our use of the lignin:N ratio relies on the lignin pool estimated from NMR and the MMM, and
as such, our use of lignin excludes contribution from condensed tannins and cutins that are present in AIR
[Hilli et al., 2012; Leary et al., 1986; Preston et al., 2009]. As an antithetical to the stability index, the ratio of
alkyl C to O-alkyl C peak areas is a proxy for the extent of decomposition [Baldock et al., 1997]. Higher
values for the alkyl to O-alkyl ratio indicate greater extent of decomposition. We calculated the ratio of
lignin to N from DPMAS NMR, MMM, and elemental analysis results. The ratio of alkyl C to O-alkyl C was
calculated from CPMAS NMR data because the CP method is more sensitive to changes in these functional
groups than is the DP method.

We used general linear models to test for differences in fixed effects (fire severity, forest type, and their
interaction) for forest floor layer and mineral soil C and N concentrations and stocks, and C:N ratio
measured by elemental analysis. All analyses were performed with SAS software using the MIXED
procedure (SAS software, version 9.3, SAS Institute, Inc.,, Cary, NC, USA). Data for the forest floor layer and
mineral soil percent C and C and N stocks were log transformed before analysis. Data for forest floor C:N
ratio and mineral soil percent N and CN ratio were ranked before analysis. We report statistical
significance at p < 0.05 unless otherwise indicated.
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Table 2. Forest Floor Layer and 0-10 cm Mineral Soil Carbon (C) and Nitrogen (N) Concentrations and Stocks, C:N Ratio,
and Forest Floor Thickness for Five Coniferous-Dominated Forest Inventory and Analysis (FIA) Plots Burned by the 2011
Pagami Creek Fire®

Prefire Postfire
Depth Severity Measurement N (FIA Data) (This Study) Change (%)
Forest floor 3+4 Forest floor thickness (cm) 5 8.74 (2.05) 2.12 (0.50) —76
C (%) 5 41.03 (4.18) 17.25 (4.22) —58
N (%) 5 1.48 (0.18) 0.94 (0.24) —36
CN 5 28.56 (3.06) 18.89 (2.42) —34
C stock (g m ) 5 1356.35(229.90) 549.72 (140.21) —59
N stock (g miz) 5 47.77 (6.09) 32.11 (9.45) —-33
Mineral soil, 0-10 cm 3+4 C (%) 5 17.34 (9.16) 4,60 (0.97) -73
N (%) 5 0.47 (0.14) 0.28 (0.05) —40
CN 5 30.59 (7.36) 16.54 (0.52) —46
C stock (g m72) 4 289791 (783.50) 2667.24 (280.25) -8
N stock (g m 9 4 92.41 (5.00) 159.41 (15.69) 73

2prefire data are from FIA samples taken in 2001/2002, and postfire data are from this study. Shown are mean (SE) for
plots classified as fire severity class 3 (N = 2) and class 4 (N = 3 or N = 2 for mineral soil due to missing FIA data) combined.
Percent change is shown for postfire data relative to prefire data.

We calculated total C stocks using measured C concentrations and forest floor weight and mineral soil bulk
density measured for all coniferous and deciduous plots. We calculated stocks for each SOM component for
each forest cover type and fire severity level in the same way, using the concentrations of each SOM
component determined from DPMAS NMR and the mean bulk density of all plots of the same soil layer
and severity level within forest type. Because of the long acquisition time of DPMAS NMR spectra and the
limited availability of replicate plots for some combinations of severity level and forest type, we chose to
acquire spectra for samples representing a range of severities for composited triplicate samples for each of
the two forest cover types rather than for replicate plots within severity level. We present the estimates of
SOM stocks as a framework for further investigations of how future changes in fire severity may impact
the composition of SOM and the relative stability of postfire C pools in forest soil.

3. Results
3.1. Prefire and Postfire Data From FIA Plots

Relative to prefire FIA measurements taken in 2000-2001 in conifer-dominated plots, we observed decreases
in postfire forest floor layer thickness and in forest floor and 0-10 cm mineral soil C and N concentrations, C:N
ratios, and C stocks, whereas we observed a 73% increase in 0-10cm mineral soil N stock (Table 2). The
greatest change we observed relative to prefire conditions was in forest floor layer thickness (—76%),
whereas the smallest change was in 0-10 cm mineral soil C stock (—8% change overall; however, the small
magnitude of overall response resulted from wide variability in the available data which includes a —34%
loss for severity level 3 and +49% increase for severity level 4). The mineral soil C stock was the only
variable for which we observed a different response for the severity level 3 versus severity level 4 FIA
plots. These changes represent magnitude of difference between prefire (FIA data) and postfire (our data)
values and were not tested for statistically significant differences because of the small sample size.

3.2. Soil Organic Matter Composition Across Severity Levels and Between Forest Cover Types

The NMR spectra reveal a greater response to fire severity level in the forest floor layer than in the mineral soil,
for both the coniferous and deciduous cover types. The relative contribution of the aromatic region to total
signal intensity increased in severity levels 3 and 4 for the coniferous forest floor layer and in severity levels 1
to 4 for the deciduous forest floor, relative to the unburned controls (Table 3 and supporting information
Figures S1 and S2). The CPMAS spectra show no corresponding increases in the relative contribution of
the aromatic region in mineral soil for either forest type; however, the DPMAS spectra—which reflect
more accurate quantitation of organic C moieties—show 23% to 40% increases in the aromatic region
of deciduous mineral soil, relative to the control. The only major increase in the contribution of the
aromatic region we observed in the coniferous mineral soil occurred in severity level 3 (24% increase
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Table 3. Contributions (% of Total Signal Intensity) of the Chemical Shift Regions of 13C CPMAS and DPMAS NMR Spectra of the Forest Floor Layer (i.e., Entire
Organic Horizon, FF) and 0-10 cm Mineral Soil from Coniferous and Deciduous Cover Types, by Severity Level®

Relative Contribution (%) of Chemical Shift Region (ppm)

O-Alkyl C Aryl C Carboxyl C/Amide/Ester

Alkyl C Methoxyl/N-alkyl O-Alkyl Di-O-Alkyl  Aromatic ~ Phenolic ~ Carboxyl/Amide  Aldehyde/Ketone

Cover Type  Horizon  Severity 0-45 45-60 60-95 95-110 110-145 145-165 165-185 185-220
CPMAS
Coniferous [FF 0 20.9 (2.3) 7.8 (0.3) 32.8 (2.1) 8.8 (1.0) 172(22) 6.6(0.8) 4.5 (0.7) 1.4 (0.1)
1 25.0 7.0 28.2 6.9 17.8 7.5 5.0 3.6
3P 20.2 (0.2) 3.1 (0.5) 11.5(1.9) 5.9 (0.1) 386 (24) 11.6(0.0) 5.2(0.2) 4.0 (0.4)
4 144 1.0 7.2 53 51.1 10.9 5.1 5.1
0-10 0 28.4 (0.6) 6.1 (0.6) 23.0 (5.1) 6.7 (0.6) 183(26) 7.4(1.2) 7.2 (0.7) 29(1.2)
1 29.5 83 234 7.25 174 6.4 6.54 1.2
3P 26.6 (0.0) 7.7 (0.4) 234 (0.2) 74 (1.0) 177 (1.2)  7.5(0.1) 7.5 (0.1) 2.4 (0.8)
4 36.2 6.7 18.5 6.5 17.6 6.8 6.7 1.1
Deciduous FF 0 27.5 8.0 28.5 7.0 15.3 6.7 5.6 13
1 18.6 6.4 16.2 7.5 339 9.2 6.2 2.0
2 22.0 3.8 13.8 6.9 36.1 9.9 4.8 2.6
4 27.1 52 18.0 59 274 8.2 5.8 25
0-10 0 26.6 7.6 24.1 7.8 18.2 5.4 85 1.9
1 30.1 6.8 18.7 6.7 229 6.0 7.0 1.9
2 209 6.9 21.5 9.7 21.0 9.4 89 1.7
4 253 7.1 20.3 74 20.4 7.5 9.8 2.2
DPMAS
Coniferous FF 0 20.4 (1.8) 8.4 (2.9) 30.0 (0.4) 8.2 (1.1) 145 (28) 9.3(0.7) 7.1 (0.3) 2.1 (1.1)
1 12.5 10.2 33.0 8.1 9.1 13.0 13.0 13
3 5.8 (0.3) 4.8(0.2) 2.6 (1.0) 5.9 (1.0) 57.1(0.8) 143 (1.5) 7.4 (0.4) 2.1 (04)
4 4.7 45 25 3.7 56.6 15.8 83 3.9
0-10 0 19.8 (2.8) 74(2.2) 17.2 (2.4) 8.1 (0.3) 248 (3.8) 10.1(1.3) 10.5 (0.5) 2.2(1.6)
1 14.5 10.5 20.1 6.5 19.1 154 13.7 0.2
3P 19.0 84 10.5 9.5 30.8 9.8 10.5 1.6
4 22.8 83 144 5.0 21.9 11.6 15.9 0.2
Deciduous [FF 0 26.4 5.0 27.1 6.9 15.6 6.0 10.9 2.1
1 7.1 2.1 8.6 7.7 443 153 11.0 4.0
2 9.5 5.6 24 7.8 523 12.8 7.5 2.2
4 14.8 5.5 4.0 4.6 42.6 14.6 10.1 4.0
0-10 0 23.0 6.0 19.8 4.9 20.9 8.0 13.2 4.1
1 18.0 7.8 183 7.0 257 104 10.3 2.5
2° 20.9 6.9 21.5 9.7 21.0 9.4 8.9 1.7
4 209 4.6 143 10.6 26.5 85 134 13

3Variability within severity level is shown for coniferous forest type where values shown represent mean (SE) of replicate plots (N = 2 for severity 0 and 4 and
N =3 for severity 3).
For coniferous severity 0 and severity 3 soil samples, CPMAS values show mean (SE) for n = 2 plots, each representing a composite of three subplot samples.
We were unable to obtain a DPMAS signal for one of these plots because of very low C concentrations in the HF-treated sample.
For the deciduous 0-10 cm mineral soil sample classified as severity level 2, we present CPMAS data in place of DPMAS data because we were unable to obtain
a satisfactory signal for this sample due to low C concentrations.

relative to the control). In general, the chemical shifts were consistent in the forest floor layer regardless of
forest cover type and were greater in the deciduous mineral soil than in the coniferous mineral soil. There
does not appear to be a consistent direct relationship between fire severity level and the magnitude of
response observed in the NMR chemical shift regions, beyond a general increase in the aromatic region in
forest floor layers of burned areas.

3.3. C and SOM Component Stocks

Forest floor layer C stocks decreased in burned areas classified as severity levels 1, 2, and 3, and there were no
statistically significant differences between unburned and severity level 4 areas, across both forest types
(Tables 4 and 5). There were also no statistically significant effects of severity level or forest type on
mineral soil C stocks or forest floor C or N stocks (Tables 4 and 5).

MIESEL ET AL. SOM COMPOSITION AND FIRE SEVERITY 1131



@AG U Journal of Geophysical Research: Biogeosciences

10.1002/2015JG002959

Table 4. Sampling Depth for Forest Floor (i.e., Forest Floor Thickness) and Mineral Soil Horizons, Carbon (C) and Nitrogen (N) Concentrations, and Stocks and C:N
Ratio of Soils Representing a Gradient of Fire Severity in All Coniferous (Jack Pine-Dominated) and Deciduous (Aspen-Dominated) Forest Plots Sampled After the

2011 Pagami Creek Fire?

Cover Type Horizon Severity N Depth (cm) C (%) N (%) CN C stock (g m ) N stock (g m )
Coniferous FF 0 5 5.41 (1.83) 41.85 (1.57) 1.19 (0.07) 35.77 (2.25) 1871.40 (674.53) 53.60 (19.79)
1 2 2.13 (0.63) 33.94 (0.13) 1.56 (0.12) 25.25 (5.11) 369.50 (102.50) 16.00 (7.00)
2 7 2.13 (0.47) 21.30 (3.24) 1.00 (0.16) 2233 (2.10) 557.86 (166.41) 25.43 (6.27)
3 14 1.64 (0.25) 20.19 (2.20) 0.85 (0.10) 24.39 (1.37) 569.64 (104.96) 23.93 (4.46)
4 8 1.82 (0.20) 18.29 (2.58) 0.77 (0.07) 23.19 (2.08) 688.00 (138.54) 28.13 (3.76)
0-10 0 5 10.00 532 (1.59) 0.22 (0.07) 30.60 (6.70) 2924.20 (706.48) 115.20 (32.42)
1 2 10.00 4.21 (0.31) 0.24 (0.04) 17.65 (1.65) 2742.50 (691.50) 153.00 (25.00)
2 6 10.00 2.91 (0.42) 0.16 (0.02) 18.28 (1.48) 1874.67 (137.66) 107.00 (13.74)
3 12 10.00 4.60 (0.53) 0.25 (0.03) 19.09 (0.86) 2792.75 (225.21) 149.58 (13.67)
4 8 10.00 5.05 (0.95) 0.29 (0.05) 17.35 (0.61) 2768.13 (367.43) 159.25 (19.52)
Deciduous EE 0 3 5.94 (2.13) 41.47 (1.83) 1.45 (0.15) 29.19 (2.83) 1930.67 (902.35) 66.33 (27.70)
1 9 1.60 (0.30) 23.56 (2.80) 1.30 (0.16) 20.36 (2.22) 435.56 (89.85) 24.22 (4.72)
2 8 2.34 (0.50) 21.70 (4.44) 1.10 (0.21) 19.33 (1.48) 461.63 (79.33) 23.75 (3.31)
3 6 1.39 (0.27) 24.40 (6.73) 1.01 (0.09) 24.51 (6.69) 427.50 (79.92) 24.17 (4.70)
4 2 1.52 (0.40) 19.37 (1.20) 1.17 (0.15) 16.64 (1.17) 686.50 (4.50) 41.50 (2.50)
0-10 0 3 10.00 4.93 (1.36) 0.24 (0.07) 20.83 (0.73) 3311.67 (848.92) 159.67 (41.37)
1 8 10.00 3.08 (0.23) 0.20 (0.02) 15.94 (1.02) 2027.00 (112.97) 128.88 (7.23)
2 7 10.00 5.52(1.62) 0.28 (0.08) 18.78 (1.61) 2955.17 (659.93) 155.83 (30.07)
3 6 10.00 3.31 (0.48) 0.20 (0.02) 16.53 (1.39) 2304.67 (101.91) 145.33 (15.58)
4 2 10.00 2.57 (0.45) 0.20 (0.06) 13.75 (2.15) 1695.50 (463.50) 132.00 (54.00)

@Shown are N and untransformed means (SE) of plots for each forest type, for the forest floor layer (FF), and 0-10 cm mineral soil.

When C stocks were summed across forest floor and mineral soil layers, deciduous forest showed a trend of
decreasing total C with fire severity, whereas there was no trend evident in coniferous forest (Figure 2).
Moderate- and high-severity fire resulted in a nonsignificant decrease in forest floor C stocks of >63% in
all severity levels in both forest types, relative to unburned plots. The magnitude of loss of C stock in the
coniferous forest floor decreased with severity level, whereas deciduous forest floor showed similar losses
across severity levels 1 to 3 (76% to 78%) and a lesser decrease (64%) at the highest severity, level 4
(Figure 2 and Table 4). In contrast, coniferous mineral soil showed much lesser losses of C ranging from 4%
to 36% and the greatest loss occurred in severity level 2 (Figure 2 and Table 4). Deciduous mineral soil
exhibited nonsignificant losses in C stocks of 11% to 49%, and we observed the greatest losses at the
lowest and highest severity levels (Figure 2 and Table 4). In general, deciduous mineral soil exhibited
greater losses in C stocks than did coniferous mineral soil.

The C:N ratio of the forest floor decreased in all burned areas and was greater in coniferous forest than in
deciduous forest (Tables 4 and 5). There were no effects of fire severity or forest type on C or N
concentrations in the 0-10 cm mineral soil layer (Tables 4 and 5). The interaction between fire severity and
forest type for C and N concentrations was also not significant. Across forest types, mineral soil C:N ratios
were decreased by fire relative to unburned plots, and there were no differences among severity levels. C:N
ratios were greater in coniferous forest than in deciduous forest across severity classes, and the
interaction between severity and forest type was not significant (Tables 4 and 5). Across both forest
cover types, forest floor thickness decreased in all severity levels relative to the unburned plots,
although there were no statistically significant differences in forest floor thickness among burned
severity levels (Tables 4 and 5).

The composition of unburned coniferous forest floor and mineral soil SOM was dominated by carbohydrates
and lignin, whereas carbohydrates and lipids contributed the greatest proportion of SOM in deciduous forest
floor and mineral soil, respectively (Figure 2 and Table 6). In contrast, the SOM composition in the highest
burn severity in coniferous forest was dominated by PyC in the forest floor and by lignin, carbonyl groups,
and protein in the mineral soil. The SOM composition in the highest severity class for deciduous forest was
dominated by PyC and lignin in forest floor and mineral soil layers (Figure 2 and Table 6). We observed a
near-total to total loss of forest floor carbohydrate pools in severity levels 3 and 4 in coniferous forest and
in severity levels 2 and 4 in deciduous forest, whereas smaller losses occurred in the mineral soil (Figure 2
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Table 5. Table of F and p Values for General Linear Models Using Fire Severity, Forest Type, and Their Interaction as Fixed Effects or Determining Statistical
Significance in Differences Among Main Effects for C and N Concentrations and C:N Ratios in the Forest Floor Layer and 0-10 cm Mineral Soil in Samples from
All Coniferous and Deciduous Cover Types Sampled After the 2011 Pagami Creek Fire®

Severity Forest Cover Type
Horizon Variable Main Effect F p 0 1 2 3 4 Coniferous Deciduous

FF Thickness (cm)b Severity 3.95 0.018 a b b* b b -- --
Forest type 0.12 0.730 — — - — — a a

Severity X Forest type 0.19 0.942
C (%) Severity 22.89 <0.0001 a b* b b b = =
Forest type 0.21 0.650 — — - — — a a

Severity X Forest type 0.63 0.644
N (%) Severity 4.63 0.007 a a a b b -- --
Forest type 1.56 0.222 = = = = = a a

Severity X Forest type 0.83 0.519
C:N ratio® Severity 13.68 <0.0001 a b b b b - -
Forest type 8.85 0.006 -- -- = = = a b

Severity*Forest type 0.36 0.836
C(g m_z)b Severity 3.68 0.024 a b b b a - -
Forest type 0.05 0.833 = = = = = a a

Severity*Forest type 0.08 0.989
N (g mfz)b Severity 2.83 0.063 a a a a a - -
Forest type 0.72 0416 — — - — — a a

Severity X Forest type 0.68 0.614
0-10cm C (%)b Severity 0.24 0913 a a a a a -- --
Forest type 0.75 0.394 — — - — — a a

Severity X Forest type 141 0.277
N (%)€ Severity 0.27 0.892 a a a a a -- --
Forest type 0.12 0.733 — — - — — a a

Severity X Forest type 0.93 0474
C:N ratio® Severity 22.03 <0.0001 a b b b b = =
Forest type 294 0.093 - - - - - a* b*

Severity X Forest type 0.45 0.770
C(g m_z)b Severity 0.71 0.596 a a a a a - -
Forest type 0.5 0.489 = = = = = a a

Severity X Forest type 1.91 0.165
N (g m_z)b Severity 0.26 0.897 a a a a a - -
Forest type 0.22 0.646 = = = = = a a

Severity X Forest type 1.22 0.350

“Bold text indicates statistical significance. Letters indicate significant differences among means at p < 0.05.

Log transformed before analysis.

“Ranked before analysis.
*Differences significant at p < 0.10.

and Table 6). We also observed large increases in the percent contribution by proteins in the forest floor of
both forest types and in the coniferous mineral soil, although there was no clear relationship with severity
level. Coniferous forest floor lignin and lipid pools showed major losses in the lignin and lipid pools,
whereas there were no clear effects in mineral soil. For deciduous forest floor and mineral soil, the greatest
losses in lignin occurred in severity levels 1 and 2, whereas smaller losses occurred in severity level 4,
relative to the control (Figure 2 and Table 6). Major increases in PyC pools occurred in the forest floor of
both forest types, with differences of >60% and >33% between burned areas and the control for
coniferous and deciduous sites, respectively (Figure 2 and Table 6). There was no clear pattern of response
in coniferous mineral soil, and we surprisingly observed 0% PyC in the coniferous forest floor and mineral
soil classified as severity 1. The PyC pool increased with severity in deciduous mineral soil (Figure 2 and
Table 6). Burned forest floor layers were dominated by PyC, whereas the SOM in mineral soil had a more
heterogeneous composition.

3.4. Fire Severity Effects on Proxies of SOM Stability and Decomposition

In coniferous forest, the lignin:N ratio decreased with severity in the forest floor and increased in the mineral
soil in all severity levels (Figure 3). We observed a lesser increase of the stability index in deciduous mineral
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Figure 2. Soil organic matter component (SOM) stocks in the forest floor and mineral (0-10 cm) soil layers across a gradient of
fire severity in (a) coniferous and (b) deciduous cover types. Shown are total mean (+SE) carbon stocks for all coniferous and
deciduous areas sampled after the 2011 Pagami Creek wildfire in northern Minnesota, USA, and SOM stocks calculated from
weight percent of observed carbon determined from 13C NMR and a molecular mixing model. Forest floor layer data are
shown in the left bar, and mineral soil data are shown in the right bar for each pair of bars within severity level.

soil, and no net change in the forest floor (Figure 3). The lignin:N ratios were consistently greater in coniferous
forest than in deciduous forest.

The alkyl C:O-alkyl C ratio increased with severity in the coniferous forest floor, whereas in mineral soil only
the high-severity area exhibited an increase in the ratio relative to the unburned control (Figure 3). Data
from the deciduous forest floor show a lesser increase in the ratio, and there is no pattern evident in the
mineral soil layer (Figure 3). Although the alkyl C:O-alkyl C ratio for unburned deciduous forest floor was
nearly double the value for unburned coniferous forest floor, the magnitude of increase in the ratio across
the severity gradient was greater in coniferous forest than in deciduous forest.

Table 6. Percent of SOC Contributed by SOM Components Determined by 3¢ NMR and the Molecular Mixing Model for
the Forest Floor Layer and 0-10 cm Mineral Soil Representing a Gradient of Fire Severity in Two Forest Cover Types®

Percent of SOC (%)

Cover Type  Horizon  Severity  Carbohydrate Protein Lignin Lipid Carbonyl PyC
Coniferous ER 0 34.2 (0.93) 6.9 (0.8) 31.5 (8.5) 14.6 (0.3) 8.1 (1.8) 46 (4.6)

1 37.0 14.0 322 25 14.3 0.0

2 — —_— _ — —_— —

3 1.2(1.2) 12.8 (1.1) 9.7 (3.0) 0.1 (0.1) 5.6 (2.1) 70.7 (2.9)

4 0.0 12.0 8.1 0.0 114 68.4

0-10 0 16.7 (2.4) 10.6 (0.2) 324 (6.1) 12.7 (2.9) 12.5 (4.3) 15.1 (6.9)

1 16.5 14.5 543 2.2 124 0.0

2 = = = = o =

3 6.1 (1.5) 142(1.2) 29.2(9.1) 7.6 (2.8) 129(1.2)  30.1(10.2)

4 10.5 15.3 349 13.3 16.0 10.0
Deciduous FF 0 322 11.8 1.5 20.8 124 1.3

1 10.6 22.8 2.0 0.0 11.6 53.0

2 0.0 20.7 11.9 1.2 1.8 64.4

3 = = = = = =

4 0.0 16.5 19.3 7.1 122 449

0-10 0 20.6 12.1 15.9 16.2 19.9 15.3

1 20.6 24.7 229 6.3 5.7 19.8

2 239 14.2 30.5 12.8 6.9 11.6

3 = = . = = =

4 16.0 15.5 16.6 13.8 14.5 23.6

4All values are determined from DPMAS data, except we use CPMAS data for deciduous mineral soil severity 2 because
of low signal to noise ratio in the DPMAS results.
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Figure 3. Ratios of (a, b) lignin to nitrogen and (c, d) alkyl carbon to O-alkyl carbon as proxies for soil organic matter quality
for a gradient of fire severity in coniferous and deciduous forest cover types. Forest floor layer data are shown in the left
(dark fill) bar, and mineral soil data are shown in the right (light fill) bar for each pair of bars within severity level. Note the
difference in y axis scales between Figures 3a and 3b.

4, Discussion

Shifts in global and regional climate are likely to alter the range of fire combustion conditions relative to the
range of historical conditions to which the forest is adapted. Our approach addressed the influences of forest
type and fire severity on SOM composition in a fire-affected forest, using within-fire differences in fire severity
as a proxy for anticipating effects of increased fire severity under future climate conditions. Although our
study site was located in the southern boreal forest, the approach we used is transferrable across regions.
Current understanding of the variability of fire effects within wildfires remains limited, yet it is critical for
accurately understanding the factors that influence fire effects on ecosystem processes such as SOM
turnover, C fluxes to the atmosphere, and C sequestration by recovering vegetation.

4.1. Fire Effects on Forest Floor and Mineral Soil C and N

We found that fire caused forest floor thickness, C concentration, and C stocks to decline, whereas there was
no effect of fire on mineral soil C or N concentrations or stocks, across coniferous and deciduous forest cover
types. These results agree with estimates from an earlier, broader evaluation at this study site that included a
greater range of forest cover types [Kolka et al., 2014]. However, we observed a decrease in C:N ratios in forest
floor and mineral soil layers in all severity levels even when there were no significant differences in C or N
stocks. Lower C:N ratios suggest that fire affects SOM composition even when we do not detect effects on
total C or total N alone. Oxidation (i.e., combustion) of SOM begins at 420°C and is preceded by a series of
changes in SOM molecular characteristics that occur over progressively increasing temperature (i.e.,
dehydration, dehydrogenation, and decarboxylation of SOM prior to oxidation) [Plante et al., 2009]. Thus,
SOM composition can undergo thermal reactions at temperatures well below 420°C even while the
changes in total mass of soil C go undetected against the natural variation in soils.

Heckman et al. [2013] reported a narrowed CN ratio that corresponded with increased mineral soil N
concentrations across a fire severity gradient in an Oregon mixed conifer forest 2years after the 2002
Biscuit fire, which they attributed to an increase in N availability due to N-fixing shrubs that colonized
burned areas. In contrast, we conducted our sampling in late autumn, 1-2months after the Pagami
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Creek fire, and our results reflect changes in SOM composition that are not confounded by the response of
new vegetation to fire severity. A laboratory investigation of fire severity on SOM in forest floor and
upper mineral soil horizons also showed no impact on C concentrations in A horizons [Hatten and
Zabowski, 2010]. The authors concluded that changes in mineral horizon SOM composition resulted
from SOM transformations rather than combustion (i.e., loss) of C-containing compounds [Hatten and
Zabowski, 2010].

4.2, Fire Effects on SOM Composition and PyC Pools

The mixing model results indicated that changes in SOM composition occur across the severity gradient. In
the forest floor of both cover types, we observed a decrease in carbohydrate and lignin pools and an
increase in the PyC (char) pool, and these patterns were more clear for coniferous forest than for
deciduous forest. In the mineral soil, we observed a decrease in carbohydrate stocks, a possible decrease
in the PyC pool, and no striking pattern in the lignin pool. Fires of all severity levels changed SOM
composition away from carbohydrate compounds and toward dominance by PyC, although there is not
always a direct relationship with severity level. Similarly, increased dominance by aromatic compounds in
bulk mineral soil was also the most noticeable change in SOM reported from a study of 0-2.5cm mineral
soil from two fires described as moderately and extremely severe in central Italy and southeastern
Australia, respectively [Mastrolonardo et al., 2015] and from 0-15 cm mineral soil after a high-intensity fire
in a Spanish Pinus pinaster Aiton. forest [Knicker et al., 2005]. The relative contribution of the aromatic
region in '>C NMR spectra for mineral soil in both forest types in our study was similar in magnitude to the
contributions reported by Mastrolonardo et al. [2015] for both sites, and by Knicker et al. [2005]. Changes in
SOM composition in burned soils relative to unburned soils have been attributed in part to the disruption
of soil aggregates by fire, via the release of lignin and polysaccharides from the occluded light fraction of
mineral soil [Mastrolonardo et al., 2015].

The presence of “legacy char” in our unburned reference samples shows that past fires can confound
interpretation of single-fire effects on PyC pools. Each new fire not only can produce PyC, it also can
simultaneously consume legacy PyC—thus, we are not able to isolate a simple PyC presence/absence
effect in a natural wildfire setting. Each fire is an overlay on past disturbances. In many cases, knowledge
of the type and/or magnitude of past disturbance events is difficult to determine. Our study site is unique
in that relatively detailed fire history records exist. However, the effect of fire on SOM can be confounded
by vegetation composition (and therefore amount and composition of litter deposited to the soil surface
and prefire SOM composition), as shown by the differences we observed between coniferous and
deciduous forests. The difficulty in quantifying the specific effect of fire on SOM was also emphasized in a
comparison of SOM composition in 0-10cm mineral soil density fractions collected from sites with
contrasting fire frequencies, confounded by differences in vegetation composition [Mastrolonardo et al.,
2013]. Although the two forest cover types used in our study occurred at the same elevation, within the
same soil type, experienced similar fire history, and were affected by the same wildfire event, PyC
contributed a greater proportion of forest floor and 0-10 cm mineral soil C stock in coniferous forest than
in deciduous forest in unburned and burned areas.

4.3. Implications of the Current Study for the C Cycle

As the scientific community continues to improve understanding of SOM—and especially PyC—dynamics, it
will be important to place results into an ecosystem context. For example, PyC has been positively correlated
with soil pH, total C and N, P availability, and conifer seedling regeneration [MacKenzie et al., 2008; Makoto
et al,, 20111, which suggests that the PyC component of SOM may play an important role in postfire forest
recovery. In contrast, loss of the carbohydrate component may depress microbial activity after fire, at least
until more labile compounds become incorporated into the soil via plant litter [Gonzalez-Perez et al., 2004].
Labile compounds facilitate microbial activity and can in fact result in increased mineralization of PyC, as
shown by an incubation study of laboratory-produced char and microbial inoculum from burned soil,
amended with glucose [Nocentini et al., 2010b]. Even in a controlled laboratory setting where litter inputs
were excluded, the effects of laboratory-created fire severity on C mineralization were important in the
short term but diminished over a 180day incubation of mineral soil, whereas the response of the forest
floor persisted [Hatten and Zabowski, 2009].
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Relationships between the magnitude of fire impact on soil C and SOM composition may also differ among
ecosystem types and can also be influenced by soil moisture condition and the extent of association between
organic and mineral components of soil [Plante et al., 2009]. For example, fire in Mediterranean pine forest
caused nearly complete removal of the organic (forest floor) horizon and changes in SOM composition
that included an increase in the contribution of aromatic compounds, even though the impacts on mineral
soil were minimal [Certini et al., 2011]. The "3C NMR method we used provides a quantitative assessment
of PyC for the forest floor layer and a conservative estimate for the upper mineral soil because we
analyzed the <2 mm size fraction only.

4.4, Effects of Fire Severity and Associated Heating on SOM Composition

The decrease in the lignin:N ratio in the coniferous forest floor layer agrees with the narrowed C:N ratios
and was driven primarily by losses in lignin pools rather than a gain in N. The coniferous mineral soil
lignin:N ratios varied across the severity gradient and weakly suggested an increase in the stability index
with severity. These ratios indicate much greater SOM stability in coniferous sites relative to deciduous
sites. We used the ratio of alkyl C:0O-alkyl C to indicate the relative extent of decomposition for SOM
within forest type following Baldock et al. [1997], who showed that the chemical changes associated with
the progression of decomposition in forest litter were related to an increase in alkyl C and a decrease in
O-alkyl C when analyzed with ">C NMR. Our results showed that the alkyl C:0-alkyl C ratios for the forest
floor layers were greater for the two highest severity levels than for the low-severity areas or reference
sites, for both forest types. Because all burned sites in our study were affected by the same fire event,
our alkyl C:O-alkyl C ratios suggest that the forest floor in the moderate- and high-severity areas
experienced a greater influence of heating relative to the low-severity areas and to the unburned
reference sites. These alkyl C:O-alkyl C results also agree with our observed loss of carbohydrate
stocks, which are associated with the O-alkyl C region of the NMR spectrum and are relatively thermally
labile. For example, carbohydrate loss occurs between 300°C and 350°C, whereas the loss of aromatic
compounds occurs between 400°C and 450°C [Plante et al., 2009]. Thus, the alkyl C:O-alkyl C ratios in our
study sites reflect thermally facilitated decomposition, that is, changes in SOM composition due to heating
during a fire event.

PyC formation occurs via thermal decomposition of organic matter in the absence of oxygen and begins at
relatively low temperatures (i.e., 250°C) [Baldock and Smernik, 2002]. In contrast, the combustion of PyC occurs
at relatively high temperatures compared to less condensed forms of organic matter, such as carbohydrates
as mentioned above. Thus, there is a temperature threshold below which PyC could be produced during a fire
but is not yet consumed unless the temperature of the fire exceeds the thermal stability of the PyC. This could
explain the peak in total (forest floor + mineral soil) and mineral soil PyC stocks we observed in severity levels
2 and 3 (for deciduous and coniferous areas, respectively), relative to severity level 4. PyC created during a fire
may not only contribute to decreased bioavailability of the charred material [Baldock and Smernik, 2002], it
may also be less prone to thermal decomposition during subsequent fires than the more thermally labile
components of SOM, unless subsequent fires generate relatively high temperatures (e.g., >400-450°C as
discussed above) at the soil surface.

However, two recent reports provide evidence that a very low percentage of PyC is consumed in
experimental fires, even at relatively high temperatures. For example, an experimental fire designed to
mimic wildfire conditions in boreal jack pine forest in the Northwest Territories, Canada, resulted in a
median mass loss of 6.6% for small PyC pieces (1.0-1.7 mm particle size) placed at approximately 2cm
depth into the forest floor layer, whereas there was a 15.1% median mass loss for individual pieces of
1.0-5.0 g each placed at the same depth [Santin et al., 2013]. The majority (75%) of the small particles and
larger individual pieces lost <15% and <25% of their prefire mass, respectively, even though
thermocouples placed at the forest floor surface registered maximum temperatures between 500°C and
976°C [Santin et al., 2013]. Similarly, experimental fire in open savanna woodlands in northern Australia
resulted in <8% mass loss across a gradient of charcoal fragment size, and <2% of the total number of
fragments studied were completely consumed during the fire even though maximum temperatures at
2 c¢m aboveground ranged between 600°C and 700°C [Saiz et al., 2014]. Together, data from these recent
studies of macroscopic PyC fragments support the idea that PyC is largely resistant to combustion in
subsequent fires.
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4.5. Implications for Terrestrial to Aquatic Connections

Heterogeneity in prefire forest structure and wildfire conditions contributes to heterogeneity in postfire soil
characteristics such as C stocks, SOM composition, and C dynamics. Although our study area lacks significant
topographic variability that would contribute to major postfire erosion, it is located in an area that is heavily
interspersed with a series of interconnected inland lakes and streams [Heinselman, 1996]. Recent evidence
has shown that physical transport of fire-affected organic matter contributes a measureable proportion of
dissolved organic matter to riverine systems [Ding et al., 2013; Jaffé et al., 2013; Myers-Pigg et al., 2015] and
includes molecularly heterogeneous material such as relatively labile pyrogenic components with a
half-life of <40days [Myers-Pigg et al., 2015] as well as more chemically recalcitrant material [Jaffé et al.,
2013]. Together, these studies show that the influence of fire on organic matter composition and dynamics
extends across ecosystem boundaries and links terrestrial disturbance to carbon dynamics in aquatic and
marine systems. Thus, differences in SOM composition and quality that exist across fire severity gradients
indicate that shifts in fire regimes may also have implications for organic matter cycling in adjacent and
downstream aquatic systems.

For example, Myers-Pigg et al. [2015] suggest that wildfires may increase C cycling in burned ecosystems as
well as increase respiration rates within watersheds via the input of pyrogenic organic matter produced at
relatively low temperatures (150-400°C), which is relatively more labile than organic matter produced at
greater temperatures. PyC produced from fire in an oak shrubland shows a low level of aromatic
condensation, and its influence on SOM quality does not persist much longer than a decade after fire
[Alexis et al., 2012, 2010]. In contrast, we found that the PyC pool of the forest floor and upper mineral soil
in our southern boreal forest contributed up to 15% of soil organic C in control areas that have not
experienced fire since 1864. The persistence of the PyC signature in SOM composition at our study site
suggests that the PyC produced during previous fire(s) (i.e., prior to the 2011 Pagami Creek fire) is retained
on site as a large contributor to SOM in these forests. Greater temperatures of formation have been
associated with greater PyC aromaticity and stability in the environment [Alexis et al, 2012, 2010;
Myers-Pigg et al., 2015; Wolf et al., 2013]; however, it is important to note that particle size and the extent
of physical protection in aggregates or microniches also influence the persistence of PyC and other forms
of SOM in soil [Nocentini et al., 2010a; Schmidt et al., 2011].

Southern boreal forest, such as our focal ecosystem, supports varying combinations of surface fire and crown fire
within a given wildfire. In this ecosystem as well as in forests that that experience similar fire dynamics, it is
possible that pyrogenic organic matter transported through surface water may bear a different molecular
signature over the short term following fire (indicating export of organic matter derived from surface fire)
than the signature over the longer term as woody material charred during crown fire becomes incorporated
into the forest soil via falling fire-killed trees. A shift toward increasingly high-severity fires therefore has the
potential to alter short- and long-term organic matter composition and dynamics in terrestrial and aquatic to
marine environments.

4.6. Caveats and Future Considerations

Our results agree with recent evidence that postfire organic material is a mixture of C pools with varying
molecular composition. The greater variability in mineral soil SOM composition we observed across the
severity gradients relative to forest floor SOM may reflect a diluted signal of fire because we sampled
mineral soil to 10 cm depth. In general, mineral soils are poor conductors of heat, and soil heating to depths
>5cm is generally low unless the duration or temperature of heating is prolonged [Neary et al., 1999].
Assessing fire effects on mineral soils using the upper 5cm increment may reveal clearer relationships
between fire severity and soil characteristics in forest soil mineral horizons. However, we emphasize that the
pattern in carbohydrate stocks emerged even when we used composited samples of the 0-10 cm mineral
soil collected within a plot. The loss of the relatively easily accessible carbohydrate C and the increase in
more stable PyC are likely to influence postfire SOM cycling and C flux over time as the forest recovers.

The response of some SOM characteristics followed the fire severity gradients whereas others did not.
Severity estimated after a fire provides a metric for evaluating the overall magnitude of impact from fire—
it is determined by (but does not provide retrospective information on) the temperature experienced
during a fire, the intensity (rate of heat output) of a fire, and the duration of heating experienced at a
given location [DeBano et al., 1998; Jain et al., 2012; Neary et al., 1999]. Data on combustion conditions
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during wildfires in natural settings will be important for efforts to connect aboveground processes—such as
disturbance by fire—with belowground patterns—such as PyC pools and distribution, or postdisturbance
SOM dynamics. Research on PyC is a relatively young field, as is the emerging paradigm on factors that
drive SOM dynamics within and across ecosystems [Marin-Spiotta et al., 2014; Schmidt et al., 2011]. The
variability in results among severity levels and among studies published to date highlights the need for
additional work to understand relationships between ecosystem disturbances and SOM dynamics.

5. Conclusions

We have shown that wildfire in southern boreal forest contributes to changes in SOM composition and
quality and that differences in patterns of SOM composition response to fire exist between forest cover
types. The most pronounced effects occurred in the forest floor layer, which experiences more direct
effects of fire than does the mineral soil. In the forest floor layer, we observed increases in PyC, a
decreased index of SOM stability, and an increased index of decomposition with fire severity. These
patterns appear to be driven by loss of the carbohydrate and lignin components and a gain of PyC in the
forest floor layer. The responses of some SOM characteristics followed the fire severity gradient whereas
others did not. The presence of PyC in forest floor and mineral soil layers in control plots that have not
experienced fire for nearly 150years suggests a persistent signal of potentially high-temperature PyC over
the long term following fire. Our research provides intermediate-scale (plot-level) evaluation of
relationships between fire severity and postfire SOM characteristics. Additional work is needed to
determine the extent to which increases in future fire severity (and associated changes in combustion and
pyrolysis conditions) will affect postfire biogeochemical cycling within and across forest types.
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