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Abstract

Fire frequency and severity have increased in recent decades in the western United States,
which have direct implications for the quantity and composition of soil organic matter (SOM).
While the effects of wildfire on soil carbon (C) and inorganic nitrogen (N) have been well studied,
little is known about the impacts of fire on soil organic N. Since organic N is the most abundant
form of soil N in conifer forests and dominant source of plant N facilitated by symbiotic
mycorrhizae and mineralization, better understanding of post-fire organic N chemistry will help
address a critical gap in our understanding of fire effects on SOM. Here, we characterized changes
to organic N chemistry across fire severity gradients resulting from two wildfires that burned
lodgepole pine (Pinus contorta) forest along the Colorado/Wyoming border, USA. One
representative gradient was selected for high-resolution analysis based on results from bulk data
(total C and N, pH). Mineral soils were collected from two depths in low, moderate, and high
severity burned areas and adjacent, unburned locations one year following the Ryan and Badger
Creek fires. Nuclear magnetic resonance spectroscopy and ultrahigh-resolution Fourier transform
ion cyclotron resonance mass spectrometry analysis showed that N content and aromaticity of
water-extractable SOM (0-5 cm depth) increased with burn severity, while minimal changes to 5-
10 cm depth were observed. Heterocyclic N species are generally higher in toxicity compared to
their non-nitrogenated counterparts, which prompted soil toxicity measurements. Complementary
Microtox® analysis revealed a positive relationship between increased fire severity and increased
soil toxicity to Aliivibrio fischeri (microbial test species). These findings add to our molecular-
level understanding of organic C and N responses to wildfire severity, with likely implications for
nutrient cycling, forest recovery and water quality following severe wildfire.

Keywords: burn severity, soil organic matter, organic nitrogen, FT-ICR MS, toxicity, NMR
spectroscopy
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1 Introduction

Wildfire activity in the western United States has increased in recent decades in terms of the
size of area burned (Williams and Abatzoglou, 2016) and the frequency and severity of large fires
(Abatzoglou et al., 2017), and is projected to continue to increase (Westerling, 2016). Observed
warming conditions have led to greater frequency of wildfire in high-elevation forest in recent
years (Alizadeh et al., 2021); therefore, it is critical that we understand the impacts of changing
fire regimes on ecosystem dynamics, biodiversity, and productivity at higher elevations. The
expected increase in burn severity (i.e., degree of consumption of organic soil layers and
vegetation) (Parsons et al., 2010) may have implications for carbon cycling, potentially shifting
forests from C sinks to C sources. The post-fire soil organic matter (SOM) composition provides
a baseline for a forest’s recovery; thus, molecular-level analysis of SOM from different burn
severities will help improve our understanding of ecosystem response following wildfire.

Wildfires influence biogeochemical and hydrological cycles through the combustion of
biomass, which alters SOM properties (e.g., C:N:P stoichiometry, pH, major functional groups),
forms hydrophobic layers, and increases C and N in postfire runoff (Gonzalez-Pérez et al., 2004).
The combination of heat from wildfires and changes in SOM properties have consequences for
plant and microbiome diversity which may persist for years after the fire. Previous studies indicate
that burn severity differentially impacts the upper 5 cm of mineral soil (Hartford and Frandsen,
1992) and local soil microbiomes by destabilizing soil aggregates and affecting microbial biomass
and composition and associated enzyme activity (Pulido-Chavez et al.,, 2021). SOM
transformations that occur during heating can result in increased chemical heterogeneity, forming
a substrate that is generally more resistant to microbial decomposition (Singh et al., 2012). SOM
and soil microbiota are important for re-establishment of native plant species; therefore, fire-
induced transformations may influence post-fire plant succession, plant species composition, and
ecosystem processes (Turner, 2010). Short-term (1-5 years post-fire) impacts often include
significant SOM losses from surface organic horizons (Nave et al., 2011). Additional short-term
responses include increased erosion (Moody et al., 2013), increased inorganic N (Wan et al., 2001),
and decreased bacterial and fungal community richness in burned plots compared to unburned
(Caiafa et al., 2023; Nelson et al., 2022; Pulido-Chavez et al., 2021). Negative impacts to soil
microbes may persist for over a decade; ectomycorrhizal and saprobic richness were lower than in
unburned soils 11 years after fire in a ponderosa pine (Pinus ponderosa) forest (Pulido-Chavez et
al., 2021), total soil N depletion persisted at least 14 years following fire with subsequent reduction
of tree and shrub colonization in a Scots pine (P. sylvestris) forest (Dzwonko et al., 2015), and
dissolved total nitrogen (DTN) export was ~10x higher in burned compared to unburned
catchments 14 years after the Hayman Fire in Colorado (Rhoades et al., 2018). Recovery of
microbial communities requires bioavailable C and N, therefore, understanding the role of burn
severity on SOM C and N composition is important for developing effective post-fire management
strategies.

Organic N is a dynamic component of soils, derived primarily from amino acids and peptides
and easily mineralized into plant-available inorganic N (Zhong and Makeschin, 2003). Organic N
comprises 62-83% of the total N in Norway spruce stands (Smolander et al., 2001), and dissolved
organic N (DON) is a primary pathway for N loss in forest soils while acting as a N source for
mycorrhizal plants in boreal forests (Andersson et al., 2000). Direct analysis of organic N can be
accomplished by Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS),
which provides molecular-level insight that can be used to calculate oxidation state, aromaticity,
and biolability (D’ Andrilli et al., 2015). Acidic N species in burned SOM detected by negative-
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ion electrospray ionization (-ESI) FT-ICR MS indicate that N incorporates into refractory,
heterocyclic aromatic compounds that are more resistant to microbial degradation (Luo et al.,
2019; Roth et al., 2022b). Bahureksa and coworkers reported that aromatic N heterocycles were
formed in soil burned at higher temperatures in a laboratory microcosm (Bahureksa et al., 2022);
however, these findings have not yet been verified across burn severities. Additionally, positive-
ion mode ESI detected more than twice the number of N-species across a wider H/C and O/C range
compared to -ESI in fire-affected soils(Roth et al., 2022a). Thus, in this study we focus on +ESI
to selectively ionize SOM species through protonation reactions to catalogue molecular
transformations that occur during soil heating and the potential implications for N cycling.

Nuclear magnetic resonance (NMR) spectroscopy can be paired with FT-ICR MS to quantify
shifts in functionality, which is required to link SOM compositional changes to microbial
degradation pathways to improve C and N cycling predictions in response to high severity fires
(Schmidt et al., 2011). NMR has been used to demonstrate an increase in aromatic structures and
decrease in alkylated organic molecules in severely burned pine forest soils (Knicker et al., 2008).
NMR spectra showing decreased atomic H/C and O/C ratios across a burn severity gradient in
soils from wildfire-affected forest and shrub ecosystems are the net result of greater dehydration,
dealkylation, and decarboxylation reactions at higher wildfire severity (Merino et al., 2015). The
abundance of N-heterocyclic compounds also increased with burn severity, but varied with fuel
composition (e.g., grasses or coniferous litter) and heating conditions (Bahureksa et al., 2022;
Merino et al., 2015; Roth et al., 2022a). However, rigorous analysis of the specific compounds
formed at different burn severities remains limited, especially in field studies.

Wildfires have been reported to release toxic compounds (e.g., polycyclic aromatic
hydrocarbons; PAHSs, heavy metals, nitrogenated species), with associated short- and long-term
implications for ecosystem recovery due to their environmental persistence and propensity to
bioaccumulate. Importantly, N-heterocycles have been linked to increased toxicity in
hydrothermal liquefication of biomass (Alimoradi et al., 2020) and have been shown to modulate
the toxicity of co-occurring metals in soils (i.e., cadmium, boron) (Cervilla et al., 2009), although
specific structures have yet to be reported. Ecotoxicants may prompt shifts in microbial
populations that adversely affect ecosystem processes or may be transported downslope in leachate
or eroding soil or downstream in surface runoff. Microtox® is a bioassay that uses
bioluminescence inhibition of the bacterium Aliivibrio fischeri (A. fischeri) to evaluate chemical
contamination in soils, waters, and biochars, (Gavri¢ et al., 2022) and is commonly used as an
indicator for metal, pesticide, or PAH contamination (Doherty, 2001). Limited studies exist on the
eco-toxicological impacts of fire on water quality, despite evidence that post-fire runoff is toxic to
organisms in multiple trophic groups (Campos et al., 2012). Therefore, the impact of burn severity
on soil toxicity is relatively unexplored.

Here, we characterize the relationship between fire severity and SOM composition along
soil burn severity gradients and discuss the implications of N-heterocycle formation for toxicity to
soil microbes. Soil was collected from two recently burned lodgepole pine dominated forests along
the Colorado-Wyoming border (Figure 1). We hypothesized that soil C and N chemical
composition would track with burn severity with more microbially-recalcitrant organic matter and
heterocyclic N compounds formed at higher burn severities. To evaluate this hypothesis, we
measured elemental chemistry across four distinct burn severity gradients at wildfires near the
Colorado-Wyoming border and then performed a suite of high-resolution analyses which included
NMR, FT-ICR MS and Microtox ® on one representative burn severity gradient. We found that
molecular-level C and N composition differed with burn severity. The chemical patterns we
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identified may have relevance to soil toxicity to microbes, though verification of its general
importance requires exploration across wide temporal and ecosystem ranges.

2 Methods

2.1 Soil Sampling and Preparation

Soil samples were collected in mid-2019, one-year post-fire in lodgepole pine-dominated
forests burned by the 2018 Badger Creek and Ryan fires in the Medicine Bow National Forest
(elevation 2500-2750 m). The sampling period captures the conditions the first summer following
fire and snowmelt, when the site was first accessible. Soils in the sampling areas were loamy-
skeletal Ustic Haplocryepts and fine-loamy Ustic Haplocryalfs.

Four independent burn severity gradients comprised of low, moderate, and high severity
burns and an unburned control were selected based on remotely sensed comparison of pre- and
post-fire greenness (Key and Benson, 2006). Severity was field-validated prior to sampling using
standard soil burn severity indicators (Parsons et al., 2010). Low, moderate, and high severity sites
had >85%, 20-85%, and <20% O-horizon cover, respectively (Parsons et al., 2010). At each
sampling site, a 3x5 m sampling grid with 6 m? subplots was laid out perpendicular to the dominant
slope (Figure 1). To limit differences in site aspect, slope gradient, and pre-fire vegetation within
each of the burn severity gradients, we located individual burn severity classes within 50 m of one
another.

A sterilized trowel was used to collect approximately 150 g of 0-5 cm and 5-10 cm soils
by first sampling and collecting the 0-5 cm soil, then collecting the underlying 5-10 cm soil.
Samples (n = 48) were placed on ice in the field and stored at 4°C in the laboratory until processing.
The unburned control and low severity samples had a thin O-horizon (~5 mm), and the moderate
and high severity samples had a similar thickness of charred organic matter and ash. After air
drying, samples were passed through a 2-mm mesh sieve to remove residual litter and other large
debris. See Nelson et al. for additional details (Nelson et al., 2022).

Elemental Measurements Dissolved organic carbon (DOC) and dissolved total nitrogen (DTN)
concentrations were determined from warm water extracts (1:2, soil:water) for the soil samples.
Measurements were performed with a TOC-VCPN total organic C/N analyzer (Shimadzu
Corporation, Columbia, MD, USA). A subset of samples from each depth (n = 16) were dried (48
h at 60°C), ground to a fine powder, and analyzed for total C and N by dry combustion (LECO
Corporation, St. Joseph, MI, USA). To determine the pH of the soils, a 1:2 ratio of soil (g) to
deionized water (mL) was shaken for 1 hour at 200 rpm before pH measurements were recorded.
We used the DOC and DTN concentrations and pH (Table S1) to identify general patterns and
select a subset of representative samples (n = 6; n =4 for 0-5 cm and n = 2 for 5-10 cm) for selected
analyses.

Soil extractions: We identified significant differences in DOC and DTN concentrations between
the 0-5 cm unburned control and moderate and high severity water extracts, as well as a significant
difference in pH between the control and all burned 0-5 cm soil water extracts (Table S1). We
also noted significant differences in %C and %N between the unburned control and moderate and
high 0-5 cm soils (Table S2). Based on these differences in soils between each burn severity class
at the 0-5 cm depth, a single gradient consisting of one control and one each of the low, moderate,
and high severity soils (n = 1 for four total samples) were selected for further analysis described
below. Since there were no differences in the 5-10 cm soils or water extracts; two samples were
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selected for further analysis from the deep samples (control and moderate) as differences in soil
chemistry were expected to be minimal. A total of six samples from the 48 collected were selected
for further analyses, including acute toxicity, 21 tesla FT-ICR MS, and solid-state 3C NMR: a
high severity 0-5 cm soil, moderate severity 0-5 cm and 5-10 cm soils, a low severity 0-5 cm soil,
and controls from the 0-5 cm and 5-10 cm soils (Table S3).

Dissolved organic matter (DOM) using water extracts of the 0-5 cm soils from this subset
was also analyzed by solution-state *H NMR. For acute toxicity and FT-ICR MS, 50 g dry, sieved
soil was weighed into a polystyrene weigh boat and transferred to a 250 mL Erlenmeyer flask. For
solution-state *H NMR, we used the DOC concentrations to determine the amount of soil needed
to extract 10 mg of DOC. For all samples, Millipore water was added to a final ratio of 1 g soil : 2
mL water in Erlenmeyer flasks (one flask for FT-ICR MS and acute toxicity, another for tH NMR),
which were covered with parafilm and shaken (10 hours, 170 rpm) in the dark. Water and soil
slurries were quantitatively transferred to pre-rinsed 50-mL centrifuge tubes with an additional
150 mL Millipore water. The samples were then centrifuged at 7500 rpm (756 x g) for 10 minutes,
during which a vacuum filtration system was assembled using acid-washed, pre-combusted
glassware. The 0.2 um polyethersulfone (PES) filters were pre-rinsed with 100-150 mL Millipore
water prior to sample introduction. A 50-mL aliquot from the FT-ICR MS samples was stored in
centrifuge tubes; the remaining filtrate was stored in amber bottles at 4°C until solid phase
extractions. Solid soils were analyzed by solid-state 3C NMR, and soil water extracts were
analyzed by solution-state *H NMR, 21 tesla FT-ICR MS, and Microtox ®. Additional information
on NMR instrumentation can be found in Supporting Information.

Acute toxicity of water-soluble species: Microtox® acute toxicity analysis was used to determine
the toxicity of soil water extracts in the control and burned samples for A. fischeri bacteria. During
sample preparation for FT-ICR MS, 50 mL of each sample was subsampled and stored in
centrifuge tubes. From these samples, 1 mL was transferred to amber HPLC vials (3 mL for
RYN_126 only) for Microtox® analysis. Samples were carbon normalized to 9.29 ppm of C based
on DOC values and stored at 4°C until analysis. The percent decrease in bioluminescence of A.
fischeri bacteria after a 15-minute incubation period determines the toxicity of each sample based
on the amount of light emitted by the bacteria (Adams et al., 2015). The Microtox® 81.9%
screening test protocol was used on the Microtox® model 500 analyzer (Modern Water, New
Castle, DE, USA) as previously described (Chen et al., 2022b).

2.2 FT-ICR MS Analyses

Solid-phase extractions: Solid-phase extractions were performed on the six subsamples selected
for compositional analysis prior to FT-ICR MS analysis according to Dittmar et al. (Dittmar et al.,
2008). Briefly, samples were brought to room temperature and acidified to pH 2 with trace-metal
free hydrochloric acid (Sigma-Aldrich Chemical, St. Louis, MO, USA). PPL cartridges (Bond Elut
PPL (Priority Pollutant™), a styrene-divinylbenzene (SDVB) polymer modified with a proprietary
nonpolar surface) were rinsed with 15 mL HPLC-grade methanol (Sigma-Aldrich Chemical) and
15 mL of pH 2 Millipore water. Polar species in the water samples were retained on the sorbent,
rinsed with 15 mL of pH 2 water to remove salts, and allowed to dry overnight. Each sample was
recovered from the cartridge by elution with 2 mL HPLC-grade methanol and transferred to 2-mL
borosilicate vials prior to 21 tesla FT-ICR MS analysis.
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ESI Source: All solvents were HPLC grade (Sigma-Aldrich Chemical) and SPE extracts were
analyzed after further dilution in methanol (1:10, by volume) prior to analysis by negative and
positive ion electrospray ionization. Sample solution was infused via a microelectrospray source
(Emmett et al., 1998) (50 um i.d. fused silica emitter) at 500 nL/min by a syringe pump. Typical
conditions for negative ion formation were: emitter voltage, -2.7-3.1 kV; S-lens RF: (45 %) and
heated metal capillary temperature 350 °C. Positive-ion ESI spray conditions were opposite in
polarity.

21 T FT-ICR MS: The six DOM extracts were analyzed with a custom-built hybrid linear
ion trap FT-ICR mass spectrometer equipped with a 21 T superconducting solenoid magnet
(Hendrickson et al., 2015; Smith et al., 2018) and automatic gain control (AGC ion target:
1E6) (Belov et al., 2003; Page et al., 2005). Peaks with signal magnitude greater than 6
times the baseline root-mean-square (rms) noise at m/z 500 were exported to peak lists, and
molecular formula assignments and data visualization were performed with PetroOrg©
software (Corilo, 2014). Molecular formula assignments with an error >0.2 parts-per-
million were discarded, and only chemical classes with a combined relative abundance of
>(.10% of the total were considered. All FT-ICR mass spectra files and assigned elemental
compositions are publicly available via the Open Science Framework at
https://osf.io/758ux/ (DOI: DOI 10.17605/0OSF.10/758UX). Further details can be found
in Supporting Information.

2.3 MAG annotation for N heterocycle degradation genes

To investigate whether the soil microbiome was expressing genes for degrading N
heterocycles, we utilized the metagenome-assembled genome (MAG) and metatranscriptomic
dataset presented in Nelson et al. (2022) (NCBI BioProject PRINA682830). We analyzed a MAG
dataset which was assembled from metagenomic sequencing done on 12 samples that consisted of
a triplicate of high severity and low severity (3 from 0-5 cm and 3 from 5-10 cm for each
treatment). We used HMMER (Eddy, 2011) against hidden Markov models (HMMs) curated from
UniProt (Bateman et al., 2015) to search for the genes needed to constitute the multicomponent
enzyme carbazole 1,9a-dioxygenase (CARDO) (Nojiri et al., 2005; Xu et al., 2006). CARDO is
made up of four parts: two terminal oxygenases (carAa; PF11723), a ferredoxin (carAc; PF00355),
and a ferredoxin reductase (carAd; PF00970, PF00111, PF00175). Following the identification of
the genes, we used the metatranscriptomics mapping data presented in Nelson et al. (2022) (Nelson
et al., 2022) to identify whether the genes were being expressed within the given MAG.

3 Results and Discussions

3.1 Burned soil organic matter is more complex than unburned

We performed solid-state **C NMR spectroscopy on six mineral soil samples to visualize
the differences in organic matter functionality across the burn severity gradient, with spectra
reported in Figure S1 and integration results in Table 1. We chose to analyze the **C isotope due
to the low abundance of *N in natural samples. In the 0-5 cm soils, there was a decrease in alkyl
C and O-alkyl C from the unburned control to the low severity soil, consistent with the results
reported for Pinus pinaster duff, which indicated a dominance of alkyl C and O-alkyl C compounds
in the unburned sample (Merino et al., 2018). Conversely, aromatic and phenolic C was
approximately 3x higher in the low severity soil, indicative of incomplete combustion (Bodi et al.,
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2014). The alkyl/O-alkyl C ratio, used as an indicator of SOM decomposition (a higher ratio
indicates a higher relative stage of decomposition) (Simpson et al., 2008), nearly doubled in the
low severity soil compared to the control. From low to moderate severity, the relative proportion
of alkyl C and O-alkyl C increased in the moderate severity 0-5 cm soil, then decreased slightly
from moderate to high. These shifts primarily resulted in decreases in the relative proportion of
aromatic and phenolic C in the moderate and high severity samples; carboxylic + carbonyl C were
slightly higher in the moderate and high severity 0-5 cm soils compared to the control. Importantly,
the alkyl/O-alkyl C ratio remained approximately double that of the control in all burned samples,
which indicates that fire drives SOM chemistry towards more complex forms that are less preferred
microbial substrates in this burn severity gradient. This is also reflected in the aromatic C
integration data (higher in burned soils), as aromatic C is generally considered to be less labile for
microbial respiration than other C forms (Schmidt and Noack, 2000). However, a separate study
on the same samples presented here found that microbial genes targeting aromatic compounds
were present in the soils (Nelson et al., 2022), which indicates that aromatic substrates can be
utilized as C sources in the burned soils.

3.2 DOM displays burn severity-dependent trends in 0-5 cm soils

We collected FT-ICR mass spectra for six soil water extracts along the burn severity
gradient — four from 0-5 cm soils (CNTL-S, LS-S, MS-S, HS-S) and two from 5-10 cm soils
(CNTL-NS, MS-NS). To increase compositional coverage, we ionized samples in ESI negative
and positive modes (Roth et al., 2022a). There were an average of 11320 assigned species in -ESI
and 21377 in +ESI, and a substantial increase in the number of nitrogenated species in the burned
soils relative to the unburned control, consistent with previously reported increases of CHNO in
fire-impacted water extracts of Jeffrey pine (P. jeffreyi) needles and woody trunks in -ESI (Chen
et al., 2022a). We plotted all elemental compositions identified in the analysis of the water-soluble
soil extracts in van Krevelen diagrams (H/C vs O/C) (Kim et al., 2003) to provide visualization of
the data and highlight compositional differences between the samples in Figure 2. Fire-impacted
samples spanned a wide range of H/C ratios (0.2-1.9), with a larger relative abundance of highly
saturated compounds in the low and high severity burn samples. Maximum O/C ratios decreased
with burn severity, as did average O/C (Table S4), consistent with carbonization and aromatization
processes and a decrease in the lability of soil species reported for P. pinaster soils (Merino et al.,
2018). Within the N-containing species, we again observed an enrichment in highly saturated
compounds in the low and high severity soils. O/C ratios in the nitrogenated species did not appear
to be as dependent on burn severity as the total assignments, which demonstrates that the O/C ratio
is likely not a primary driver for biotic or abiotic transformations of these species.

To further analyze the difference in DOM chemistry between burn severity classes, we also
performed solution-state *H NMR spectroscopy on DOM isolated from 0-5 cm soils in the burn
severity gradient (Table 2). Relative to the control, there was little to no change in the relative
proportion of materials derived from linear terpenoids (MDLT). Carboxyl-rich alicyclic molecules
(CRAM) were lower in the burned samples, consistent with lower average O and O/C and lower
average molecular weight in the FT-ICR mass spectra. Conversely, the relative contribution of
soluble carbohydrates and peptides was higher in the burned samples, with a maximum intensity
in the low severity soil extract, possibly indicative of cell lysis and residual necromass left behind
after fire (Donhauser et al., 2021), and compounded by the lightly combusted organic layer in the
low severity soil. The relative contribution of aromatic and phenolic functional groups reached a
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maximum in the moderate severity soil extract, consistent with the calculated DBE and aromaticity
index in the FT-ICR mass spectra (Table S5). These results are generally supported by previous
studies across a wide range of environments, which reported increases in aromaticity following
fire (Knicker et al., 2008). Our results also indicate that the changes observed in the DOM and
SOM chemistry are unique from one another. It is likely that the changes in aromaticity observed
in mineral soils are larger than those reported in the solution-state due to solubility limitations of
the aromatic compounds. Therefore, both the mineral soil and water-soluble pools must be
evaluated together to identify changes to C and N functionality that impact broader ecosystem
functions.

3.3 Nitrogen composition of 0-5 cm soils was heavily influenced by fire activity

To further investigate the influence of fire on soil N species, we focused our analysis on
the +ESI spectra, as this method has been reported to increase the compositional coverage of
CHNO species compared to -ESI (Roth et al., 2022a). Table S4 reports the average O, C, N and
C:N of each of the 0-5 cm soil samples determined by FT-ICR MS. We found that fire decreased
the average C assigned for all burned soils compared to the unburned, though this value was not
sensitive to burn severity. Average N per formula was 3x higher than the control for the low and
moderate severity soils and was highest for the high severity soil. Increased N content has been
reported in laboratory heating studies, attributed Maillard reactions and the formation of covalent
bonds between ammonia and organic matter but has not previously been reported from post-fire
field studies (Bahureksa et al., 2022; Hestrin et al., 2019). Higher average N in burned soils greatly
influenced the C:N ratio of the samples, which was lowest for the low severity soil. Enrichment of
N species in burned soils has been observed in controlled lab settings (Bahureksa et al., 2022), and
may be attributed to increases in pyridine, benzonitrile, and pyrrole functionalities at higher burn
temperatures which were identified in soils affected by the 2013 Rim Fire in California (Chen et
al., 2022c). Additionally, lysing of soil microorganisms during soil heating generates labile organic
C and N that may contribute to increased dissolved N species following high severity wildfires
(Donhauser et al., 2021).

Unique N species were compared across the burn severity gradient (Control vs Low, Low
vs Moderate, and Moderate vs High) to determine the major changes which occur at each severity
(Table 3). Because isotopes are not differentiated, there may be additional transformations that are
not resolved here. From the control to low burn severity, 9817 unique N species were formed,
likely from incomplete combustion of SOM (Bahureksa et al., 2022). Only 297 of the 5632 N
species assigned in the control were unique, which indicates that the unique CHNO species in the
low severity soil are likely newly formed. There is also a clear change in N speciation through the
formation of molecules which are more N-dense (containing more N per molecule), which results
in an expanded range of oxygenation and increased N in the low severity soil (Figure S2A). From
low to moderate severity, 3592 formulas are lost from the low severity soil, and 2153 species are
newly formed in the moderate severity sample. Transformations occur across all N classes, and do
not appear to preferentially impact any one class over another (Figure S2B). From moderate to
high severity, the largest losses are in the N1 class (i.e., compound containing one N atom) and
there are substantial increases in the N3-Ns class (High) compared to the other transitions. The loss
of N1 formulas was primarily accompanied by a shift towards lower oxygen in the high severity
soil from Ni-3, and a non-preferential increase in species containing Nss (Figure S2C). N
enrichment may be driven by several combustion-catalyzed processes, including the Maillard
reaction pathway and the formation of covalent bonds between burned SOM and NHs-N
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(Bahureksa et al., 2022; Hestrin et al., 2019). These results suggest that soils that burned at higher
severities contain higher polyaromatic N and are potentially more resistant to microbial
degradation. Therefore, the observed decrease in C:N ratios in FT-ICR MS data may indicate a
higher proportion of immobilized N, (e.g., as observed in char derived from lignin, cellulose, grass,
and wood produced at 350°C and 450°C (Knicker, 2010)) rather than a highly preferential substrate
as typically interpreted from C:N alone. Additionally, the N species identified may contribute to
increased toxicity in water extracts (Bamba et al., 2017).

The m/z vs C:N of each CHNO species was plotted in Figure 3 to visualize differences in
molecular mass and N content along the burn severity gradient. We found that although the average
mass of the formulas decreased as burn severity increased (Table S4), the relative abundance of
nitrogenated high molecular weight species increased with burn severity. N-heterocyclic structures
are known to form during incomplete combustion of SOM (Knicker et al., 2008), which is thought
to be less labile compared to unburned DON. The shift in DON functionality from peptides in
unburned soils to polycyclic aromatic compounds (i.e., indoles and carbazoles) (Sharma et al.,
2003) likely transforms SOM into a less bioavailable form, of which the microbial genes required
for processing may not be widespread in the soil microbiome. To investigate this, we used
HMMER (Eddy, 2011) against HMMs curated from UniProt (Bateman et al., 2015) to identify
genes that constitute the primary enzyme for degrading carbazole (carbazole 1,9a-dioxgenase)
(Nojiri et al., 2005) within the metagenome-assembled genome (MAG) dataset curated from these
soils in Nelson et al. (2022) (Nelson et al., 2022). Of the total 637 MAGs, only 13 were actively
expressing (via metatranscriptomics data) the majority of the genes required for the
multicomponent enzymes (carAd, carAa, carAc), suggesting that these compounds are widely
recalcitrant to bacterial degradation. Therefore, newly formed N species may represent an
important N sink after fire in high severity burned lodgepole pine soils. Broad shifts in N speciation
throughout the burn severity gradient, along with the loss of O-containing functional groups
(Table S4), may be important for the previously reported differences in soil structure after burn
and large alterations in microbial activity (Nelson et al., 2022).

3.4 The 0-5 cm soils are more influenced by fire than 5-10 cm soils

To determine how sampling depth influenced speciation, we compared the control and
moderate soils at 0-5 cm and 5-10 cm sampling depths. The 5-10 cm control sample had 17653
formulas assigned, 5032 of which contained N. Of the 17870 formulas assigned to the 5-10 cm
moderate soil, 6212 were N-containing. The increase in N species for the 5-10 cm soils is much
smaller than the 0-5 cm soils, which increased from 5632 in the control to 13813 in the moderate
0-5 cm soil. To further investigate the influence of fire on N species in 5-10 cm soils, we plotted
the individual heteroatoms (NxOx) (Figure S3). Between the 0-5 cm and 5-10 cm samples in the
control, little variation is noted aside from the 0-5 cm soil being slightly shifted towards lower
oxygenation compared to the 5-10 cm soil. There is a clear difference in N content, where the 0-5
cm samples are far more N-enriched than the 5-10 cm samples. These results are supported by
previous literature indicating that fire generally impacts approximately the top 5 cm of mineral
soils, with much less influence of heat further down the soil column (Hartford and Frandsen, 1992).
However, we did note some important shifts between the control and moderate 5-10 cm soils, as
illustrated in Figure 4. Specifically, the moderate severity soil was shifted towards lower oxygen
levels, consistent with our observations in the 0-5 cm samples. We also found that the more N-rich
species (N2-N4) had far more assignments in the moderate severity soil compared to the control.
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Therefore, our results indicate that even though the largest effects are seen closer to the soil surface
(i.e., 0-5 cm soils), the effects of fire on N speciation persist at least 10 cm down the soil column.

The relative contribution of all SOM categories determined by solid-state *C NMR was
approximately the same for the 0-5 cm and 5-10 cm samples in the control soil (Table 1),
consistent with the FT-ICR MS results and indicating that the organic horizon contributed
minimally to the overall signal. However, there were notable differences between the 5-10 cm
control and moderate severity soils. The relative proportion of O-alkyl C decreased by 10, while
the aromatic and phenolic C signal increased by 11 in the moderate 5-10 cm soil compared to the
control. Differences in the relative proportion of SOM signal indicate that the functional groups
present in the soils were affected by the burn, even at the lower sampling depths. The moderate 0-
5 c¢cm soil was more aromatic and displayed a lower proportion of O-alkyl C than the 5-10 cm
sample, consistent with previous studies reporting that the degree of carbonization and
aromatization is lower in Pinus pinaster mineral soils than in duff (Merino et al., 2018). Because
the 5-10 cm soil is not as highly impacted as the 0-5 cm soil, it likely contains more labile substrates
for microbial degradation. The alkyl/O-alkyl C ratio supports this hypothesis, as the values are
lower in the burned 5-10 cm soil than the 0-5 cm soil. Complementary metagenomics analyses
indicated major shifts in microbial processing of substrates in 0-5 cm soils, which were not as
prevalent in the 5-10 cm soils (Nelson et al., 2022). This suggests that while there are some
differences in soil chemistry of the control and moderate 5-10 cm samples, these changes are not
nearly as large as those in the 0-5 cm soils.

3.5 Acute toxicity of soil extract from fire-impacted soils as a function of burn severity

Carbon normalized water extracts of six soils were analyzed for acute toxicity by Microtox®
to determine toxicity as a function of sample composition. Higher bioluminescence inhibition of
A. fischeri corresponds to higher acute toxicity. We observed an increase in toxicity with
increasing burn severity in the 0-5 cm soils (Figure 5), and no change in the 5-10 cm soils. For 0-
5 cm soils, the high severity 0-5 cm soil had the highest acute toxicity (43%) followed by moderate
severity 0-5 cm soil (17%) and low severity 0-5 cm soil (10%).

Microtox® bioassays have previously been applied to determine the acute toxicity of aqueous
ash extracts and runoff following wildfires, both of which inhibited the luminescence of A. fischeri
(Campos et al., 2012; Silva et al., 2015). Toxicity increases with ash concentration (Silva et al.,
2015), and more “complete” combustion in high severity soils may explain the increase in toxicity
reported here. A toxicity study using Daphnia magna found pH to be a strong influence on toxicity
(Harper et al., 2019); however, pH cannot explain the increases in toxicity seen here, as maximum
pH values were observed in the moderate severity 0-5 cm soil (average pH = 8.00), whereas the 5-
10 cm samples did not appear to be affected (average pH ranging between 7.11 to 7.71) (Table
S4). Previous studies indicated that the formation of N-heterocycles may contribute to increased
toxicity (Cervilla et al., 2009), which likely contributes to the observed increase in toxicity here.
However, further research is required to identify the specific drivers of toxicity increases in burned
organic matter, such as polycyclic aromatic hydrocarbons or heavy metals released during burning.
The observed toxicity increase in 0-5 cm soil extracts emphasizes the role of wildfire as a potential
source of diffuse contamination for downstream water bodies.
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4 Conclusions

Molecular-level analysis of C and N contained in soil organic matter across a burn severity
gradient allowed us to make inferences regarding how organic N is altered by wildfire in high-
elevation forests. Although high-resolution results for a single gradient are reported here, trends
identified from bulk data collected from four burn severity gradients indicate that these results are
likely representative of all the soils we collected. While the analysis of a single gradient does not
allow for statistical analysis, advanced analytical approaches involve rigorous internal calibration
that ensures the resulting data are accurate. Therefore, the molecular-level information provided
by our unique integrative analytical approach provides novel evidence for a potential relationship
between chemistry, toxicity, and the soil microbiome. Our results suggest that N-dense
heterocycles (e.g., carbazoles, indoles) are formed at higher fire severities, which has implications
for post-fire C and N cycling since evidence for processing of these compounds was not
widespread in the local soil microbiome. We noted a shift in N speciation for the 5-10 cm soil
depth, which indicates that heating at that depth was sufficient to shift SOM chemistry. We also
provide evidence that soil toxicity is dependent on burn severity, although further research is
required to identify the specific drivers of soil toxicity and the potential downstream effects.
Collectively, these results emphasize the importance of molecular-level characterization of SOM
components to evaluate the impacts of fire on C and N biogeochemistry and provide new insight
into the impact of severe wildfire on forest ecosystems.

Tables and Figures
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Figure 1: Map indicating sampling sites and strategy in the 2018 Ryan and Badger Creek Fire
burn scars. Top: Google Earth image of the Ryan Fire and Badger Creek Fire burn scars (latitude
of samples ranged from 41.01162 to 41.04866; longitude ranged from -106.12196 to -106.63271).
White dots indicate burn severity transect locations. Bottom left: photos of each burn severity class
(Unburned/Control, Low, Moderate, High Severity). Bottom right: visual representation of the 3x5
m sampling grid with subplots labeled A-F.

Table 1: Integration results for solid-state **C NMR spectroscopy analysis of burn severity and
soil depth (n =1). Chemical shift, used to determined NMR regions, is reported in parts per million
(ppm). This table lists the relative proportion of alkyl C, O-alkyl C, aromatic & phenolic C, and
carboxylic + carbonyl C to the total signal of *C across all regions. The alkyl/O-alky!l carbon ratio
is determined by dividing the relative proportion of alkyl C by that of the O-alkyl C.

Relative Proportion of SOM categories to the total *C NMR signal
Sample Alkyl C O-alkyl C Aromatic & Carboxylic + | Alkyl/O-alkyl
(0-50 (50-100 ppm) phenolic C Carbonyl C carbon ratio
ppm) (110-165 ppm) | (165-210 ppm)
Control (0-5 cm) 40 35 20 5 1.14
Low (0-5cm) 25 11 59 5 2.27
Moderate (0-5 cm) 37 17 39 7 2.18
High (0-5 cm) 35 13 46 6 2.69
Control (5-10 cm) 42 35 19 4 1.20
Moderate (5-10 cm) 41 25 31 3 1.64
Control vs Low Severity Low vs Moderate Severity Moderate vs High Severity
A 20- MOSTLY A rel abund 2.0- MOSTLY A rel abund 20- MOSTLY A rel abund
15 ‘F‘ ALIPH - " 15 ALIPH 30 15 ALIPH B o0
g~ NP lo.—mm 0 NL 2w : 0
0.5~ MOSTLY 0.5- MOSTLY 0 0.5~ MOSTLY
AROM -25 AROM -10 AROM -20
0.0-, y i i i ’ - 0.0-, . 3 . i . 0.0-, . : " : ;
00 02 0.4 06 08 1.0 00 02 0.4 06 08 1.0 00 02 0.4 06 08 1.0
o/C o/C o/C
20- MOSTLY A rel abund 20- MOSTLY A rel abund 20- MOSTLY A rel abund
B ALIPH o ALIPH 30 ALIPH -
15 15 20 5 S 10
%10- 20 gw-\ 10 %10-\ 0
05- MOSTLY 0 05- MOSTLY 0 05- MOSTLY
AROM 20 AROM AROM =10
0.0-, A 1 : i X 0.0-, A i - i i -10 0.0-, i A : : R
00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0
o/C o/C o/C
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C 15 - ALIPH ' 20 15 ey ALIPH 50 15 ALIPH — 5
o .. 15 [3) o :
5 10- 10 3 10- Eg 3 10- 0
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0.0-, " . : p i 5 0.0-, i " i i . &k -5.0 0.0-, , , \ \ \ -10
00 02 04 06 08 1.0 00 0.2 04 06 08 1.0 00 02 04 06 08 1.0
o/C o/C o/C

@=control  @=Tlow severity =moderate severity @ = high severity
Figure 2: van Krevelen diagrams of the detected species of water-soluble soil extracts (0-5 cm)
identified by +ESI FT-ICR MS. The top row (A) contains all formulas, the middle row (B) contains
only CHNO molecular formulas, and the bottom row (C) contains only the unique CHNO species.
Each panel compares two samples, indicated by color. Larger changes in relative abundance (A rel
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abund) are indicated by more saturated colors. Formulas plotted below the line that intercepts at
H/C 1.2 are generally more aromatic in structure, while those plotting above the line that intercepts
at H/C 1.5 are more aliphatic.

Table 2: Integration results for solution-state *H NMR spectroscopy for the 0-5 cm soil severity
gradient (n = 1). Chemical shift is reported in parts per million (ppm). This table lists the relative
roportion of each DOM category to the total signal of *H across all regions.

Relative proportion of soil-derived DOM categories to the total *H NMR

signal
Sample MDLT CRAM Carbohydrates & Aromatic &
(0.6-1.6 ppm) (1.6-3.2 ppm) peptides phenolic

(3.2-4.5 ppm) (6.5-8.4 ppm)
Control 34 37 22 7
Low 38 31 27 4
Moderate 34 32 25 9
High 36 31 26 7

Table 3: Unique N species identified through +ESI FT-ICR MS of water-soluble soil extracts (0-
5 cm). Unique formulas are determined only between the two samples compared, denoted in the
top row. N1 includes molecules containing exactly one N, N2z includes molecules with two N atoms,

etc.
Unique N Control vs Low Low vs Moderate Moderate vs High
species Control Low Low Moderate | Moderate High
AllN 297 9817 3592 2153 1499 1932
N1 295 3464 2091 891 981 358
N> 2 2850 670 560 346 410
N3 N/A 1602 378 504 121 532
N4 N/A 1338 261 126 39 379
Ns N/A 563 92 72 12 262
Control vs Low Severity Low vs Moderate Severity Moderate vs High Severity
A rel abund - A rel abund - A rel abund
A ig L ig %0 ig- ' 30
Z - 20 Z 30- 20 2 30- 20
O 0 O 2- 10 O 2- I
10- 2 10- 010 10- -10
ZéO 560 750 10‘00 2(I)0 460 660 8(‘)0 10‘00 ’ 260 4(IJO 6(‘)0 860 10‘00
m/z m/z m/z
A rel abund - A rel abund - A rel abund
B iﬁ » 2 ig 50 iz- - KU
Z 5- i 15 Z 30- 25 Z 30- 5
© 5. ;0 © 2- 0.0 © 2%- 0
10- 0 10- 2 25 10- 5
o sbo 780 1600 N 2o 40 edo oo 100 o 40 o0 80 10
m/z m/z m/z
@=control e@=low severity @=moderate severity @ = high severity

13



510
511
512
513
514
515
516

517

518
519

520
521
522

Figure 3: Plots of the mass to charge (m/z) and nitrogen to carbon (N/C) ratios of the N-containing
(i.e., CHNO) fraction obtained via +ESI FT-ICR MS of solid phase extracts of a single Ryan fire
0-5 cm soil burn severity gradient. Panel A displays plots with all the assigned N species; panel B
displays only the unique species between the two spectra. Changes in relative abundance (A rel
abund) are indicated by darker colors. Green dots denote higher abundance in the control, and blue,
purple, and red dots correspond to higher abundance in the low, moderate, and high severity
extracts, respectively.
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Figure 4: Nitrogen-containing classes in control and moderate severity 5-10 cm samples (n = 1)
from +ESI FT-ICR MS. The x-axis is organized by heteroatoms, grouped first by the number of N
atoms (1-4) assigned to the formulas and second by the number of oxygen atoms. The y-axis
depicts the number of formulas assigned to each heteroatom class.
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e Higher burn severities result in the formation of N-dense molecules
e The soil microbiome is largely unable to process N-dense molecules

e Soil toxicity increases as burn severity increases
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